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Abstract This chapter outlines the general principles for the detection and char- 
acterisation of high-energy y-ray photons in the energy range from MeV to GeV. 
Applications of these fundamental photon—matter interaction processes to the con- 
struction of instruments for y-ray astronomy are described, including a short review 
of past and present realisations of telescopes. The constraints encountered in op- 
erating telescopes on high-altitude balloon and satellite platforms are described in 
the context of the strong instrumental background from cosmic rays as well as as- 
trophysical sources. The basic telescope concepts start from the general collimator 
aperture in the MeV range over its improvements through coded-mask and Compton 
telescopes, to pair production telescopes in the GeV range. Other apertures as well 
as understanding the measurement principles of y-ray astrophysics from simulations 
to calibrations are also provided. 
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1 Introduction 


Gamma rays (y-rays) are traditionally defined as penetrating electromagnetic radi- 
ation that arise from the radioactive decay of an atomic nucleus and, indeed, for 
y-rays produced naturally on Earth, this is the case. Gamma rays constitute the elec- 
tromagnetic radiation having energy of = 100keV and, therefore, have energies 
that traverse more than ten decades of the electromagnetic spectrum. In addition to 
those y-rays coming from radioactive decays, the extra-terrestrial y-rays incident on 
Earth are produced in a variety of different astrophysical scenarios. These include 
when extremely energetic charged particles accelerate in magnetic fields or upscat- 
ter ambient radiation to y-ray energies, hadronic processes such as cosmic-ray (CR) 
interactions in the Galaxy and, indeed, possibly in more exotic interactions such as, 
for example, the self-annihilation of dark matter particles (Sec. 3). 

In this Chapter an outline of the various techniques and instruments for the detec- 
tion and characterisation of y-rays will be presented. The limitations and advantages 
of each particular detection technique, the backgrounds that must be overcome, and 
the environmental circumstances that must be considered will be reviewed. Only the 
direct detection of y-rays will be discussed here thus effectively limiting the upper 
energy range to approximately 100 GeV. For the detection techniques at so-called 
very-high energy (VHE; Ey = 100 GeV) the reader is referred to other chapters of 
this book. 

In order to detect y-rays, we rely on one of their three interactions with matter: 
the photoelectric effect, Compton scattering and pair production, whose respective 
cross sections depend on the energy of the y-ray and on the material in which it in- 
teracts (Sec. 1.3). Since y-rays cannot penetrate the Earth’s atmosphere, it having an 
equivalent thickness of approximately 0.9 m of lead, a detector needs to be placed 
above the atmosphere in order to detect y-rays directly (Sec. 2.1). Like no other en- 
ergy range the y-ray regime is dominated by an irreducible instrumental background 
(MeV energies) and limited by collection area (GeV energies) and telemetry (MeV 
& GeV energies; Sec. 2.2). Due to these factors and to the energy-dependant cross 
section of a y-ray’s interaction with matter, the discussions in this Chapter will be 
split according to the detection technique being employed, which is itself a function 
of the energy range of the y-rays being studied. 

Because of CR bombardment, MeV telescopes suffer from a high level of sec- 
ondary y¥ radiation. This includes electron bremsstrahlung, spallation, nuclear exci- 
tation, delayed decay, and annihilation, all of which contribute to the instrumental 
background in the MeV range. This orders of magnitude enhanced rate of unwanted 
events leads to a worse instrument sensitivity — the ‘MeV Sensitivity Gap’ — com- 
pared to neighboring photon energy bands (Sec. 1.2). The correct identification of 
background photons from celestial emission leads to an artificial split in the science 
cases (Sec. 3) because y-ray instruments are built to observe either in the MeV or in 
the GeV. Even though astrophysical high-energy sources can span several decades 
in the electromagnetic spectrum, the MeV regime is often omitted because the sensi- 
tivities of current instruments rarely add much spectral information. In this Chapter 
we therefore handle MeV- and GeV-type instruments separately. We note, however, 
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that leaving out information, even though it appears weak in the first place, leads to 
a biased view of the astrophysics to be understood. 

In the pair-production regime at tens of MeV to GeV energies, the spectra of 
y-ray sources phenomenologically follow a power law such that the flux changes 
rapidly as a function of energy. With the exception of grazing incident mirrors used 
for hard X-rays in the energy range up to ~ 100keV (Sec. 4.6), y-rays cannot be 
focused and, therefore, in order to be detected, need to enter the detector and interact 
with it. So, unlike optical telescopes where a large effective area can be achieved 
by using a huge mirror to focus the optical photons onto a small detector, a large 
collection area can only be achieved at y-ray energies by having a large detector 
volume. This requirement coupled with the constraints of launching a large mass 
high enough in the atmosphere that it can detect sufficient y-rays (Sec. 2.1.1) limit 
the upper bound energy at which y-rays can effectively be detected directly: for the 
direct detection of y-rays the physical volume of the detector is always larger than 
its effecting detecting volume and, therefore, its effective area. The requirement to 
observe from space has the advantage of fewer constraints with respect to observing 
schedules (e.g., no day and night cycles), however limits the sensitive collecting 
areas of the telescopes because of the mass that can be transferred into an orbit. 

In this Chapter, we will introduce the only 60-year long history of y-ray observa- 
tions (Sec. 1.1), describe the least explored range of the electromagnetic spectrum, 
the MeV range (Sec. 1.2), and present the basic interactions of high-energy pho- 
tons with matter that are used in all y-ray telescopes (Sec. 1.3). Details about the 
instruments’ current capabilities and requirements to study high-energy sources are 
given in Sec. 2, followed by an extensive discussion of instrumental background 
origins in Sec. 2.2, and state-of-the-art suppression mechanisms (Sec. 2.3). Based 
on the different science cases in the MeV and GeV range (Sec. 3), we detail princi- 
pal instrument designs in Sec. 4. This includes the basic collimator (Sec. 4.1), coded 
mask telescopes (Sec. 4.2), Compton telescopes (Sec. 4.3), pair creation telescopes 
(Sec. 4.4), y-ray polarimeters (Sec. 4.5), as well as other, alternative, but not neces- 
sarily yet realised instruments (Sec. 4.6). Gamma-ray detectors are briefly explained 
in Sec. 4.7, followed by how y-ray measurements are to be understood, evaluated 
(Sec. 4.8), and compared to simulations (Sec. 4.9) and calibrations (Sec. 4.10). We 
close this Chapter with an outlook about future, and possible more advanced con- 
cepts in Sec. 5. 


1.1 Historical Perspective 


1.1.1 First Observations 


Gamma-ray astronomy, the highest-energy range of multi-wavelength astronomy, 
was already recognised in the 1950’s as having the potential to provide direct in- 
sight into astrophysical processes with particles, fields, and dynamics of extreme 
conditions in the Universe. The principal source processes for high-energy Y radi- 
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ation in space (beyond the energy range of radioactivity) were studied first. These 
include synchrotron radiation [1], Compton scattering [2], meson production and 
the decay of = 2y [3], and bremsstrahlung [4]. 

The status of particle physics, CR research, and radio astronomy in the 1950’s 
raised widely-debated questions such as: ‘Where do CRs come from and how are 
they produced?’, ‘What is the photon fraction in the CR beam?’ , ‘What powers the 
strong Galactic radio emission?’, ‘Are there discrete y-ray sources in the sky and 
what could be the nature of such sources?’, ‘Do the observed particle emissions 
from solar flares lead to y-ray emissions (nuclear lines and continua)?’, and ‘Is 
there antimatter around?’ . 

Estimates for the strength of cosmic y-ray sources were mainly based on the con- 
temporary knowledge of CRs, the distribution and density of the Galactic interstellar 
medium (HI radio emission), and the observations of radio emission from individ- 
ual objects like the Crab nebula or radio galaxies. Morrison (1958, [5]) estimated 
that the active Sun would emit 0.1-1 phem~*s~! between 10 and 100 MeV, and 1- 
100phcm~*s~! in the neutron-proton capture line at 2.23 MeV. The Crab nebula 
(the pulsar was unknown at the time) and typical radio galaxies should have intensi- 
ties of 10-?phcm~*s~!. A thorough study of y-ray production by CRs interacting 
with the interstellar medium in the Galaxy by Pollack & Fazio (1963, [6]) predicted 
a flux from the Galactic Centre of ~ 10~*phcm~?s~!sr~! and half that intensity 
from the Anticentre. All of these flux estimates turned out to be much too high, but 
nevertheless many experiments were started to detect celestial y-rays. Short expo- 
sures on balloons and a very strong environmental background prevented significant 
detection of y-rays from the Milky Way or from discrete sources. The beginning of 
the space age in 1958 finally provided the facilities to operate y-ray experiments 
above the atmosphere. The clear, unabsorbed view of the sky, the longer exposures, 
the absence of the atmospheric background, and advanced instruments succeeded in 
establishing y-ray astronomy as a new and promising branch of astrophysics. 

Gamma-ray astronomy is a discipline that depends on the technical resources 
of the space age. The ground level of Earth-bound observatories is shielded from 
cosmic y radiation by the atmosphere (Fig. 1), with roughly 20 (resp. 60) mean 
free path lengths of attenuation at | GeV (resp. 1 MeV) Furthermore, the charged 
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Fig. 1 Absorption of cosmic electromagnetic radiation in Earth’s atmosphere. 
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fraction of cosmic radiation, which dominates primary y-rays by roughly a factor of 
10*, generates a high level of secondary y-ray background in the atmosphere and in 
detector equipment. It is therefore essential to expose a y-ray telescope in a low level 
of external background, i.e. above the atmosphere but below the Earth’s radiation 
belts, for long periods of observation to obtain the necessary detection statistics. For 
satellites this is best achieved in a low Earth orbit (LEO) above the equator with 
an altitude of 400-500 km. Equally important is the design of the telescope so as 
to suppress the recording of unwanted charged particles (veto systems) and local y 
radiation (material selections). 

Both requirements directly impact the sensitivity of a y-ray telescope with de- 
tector exposure area A, detection efficiency €, and angular resolution elements of 
size 0. Discrete cosmic sources with fluxes of Fy embedded in a ‘quasi’ continuous 
background intensity Jg observed for an exposure time fops are then detected with a 
statistical sensitivity of S: 


sS= 


F,AEtops _ Fy (Ss) Me (1) 


(IpA€tops1 02) /? 7 2 inn 


It is evident from Eq. (1) that high sensitivity is the result of a large effective area, 
Aegg = A€, and long observation times, combined with small angular resolution and 
low background intensities. Of course this formulation is extremely simplified com- 
pared to more appropriate analysis tools using proper instrument response functions 
for effective detector area, angular and energy resolution, and detailed models for 
the background radiation, all as a function of primary energy and incidence direc- 
tion. 
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Fig. 2 Left: Explorer XI (Apr—Nov, 1961): The small effective area (~ 5cm7), and a useful ob- 
servation time of ~ 6d resulted in only 22 detected high-energy y-rays, mostly from Earth’s at- 
mosphere. Right: OSO-3 (1967-69): The successor of Explorer XI. A typical scintillator counter 
telescope with a multi-layer conversion detector (CsI), a fast trigger system and a calorimeter with 
layers of Nal and tungsten. The instrument is surrounded by an anti coincidence veto counter made 
of plastic scintillator. A Galactic map of 621 events (E > 50 MeV) was derived from ~ 16 months 
of observations [7], but the coarse angular resolution (15°) prevented the detection of point-sources. 
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1.1.2 Missions 1960-1990 


The first successful satellite detectors for high-energy y-radiation were small scin- 
tillation Cerenkov counter assemblies with anticoincidence shields. As depicted in 
Fig. 2 they had to fit on the satellites of the 1960’s and could only transmit data 
with limited rates. The emission of > 100MeV photons from the inner Galaxy 
was, however, clearly established by the OSO-3 measurements [7] and confirmed 
by a spark-chamber imaging balloon experiment [9]. Here, it is interesting to note a 
performance comparison between the scintillator telescope and the pointed balloon 
instrument: both could achieve similar results on the Galactic emission with an ef- 
fective area of 2-8 cm? even though the former required ~ 16 months of observation 
time whereas the balloon flight only required several hours. 

Gamma-ray instruments for the low-energy range < 10 MeV can be based on 
Compton interactions (e.g., CGRO-COMPTEL) or be designed as spectrometers for 
more narrowly defined targets and scientific objectives. In order to restrict the ac- 
ceptance angle of a scintillator or solid-state spectrometer, with its omni-directional 
response, a massive ‘well-type’ collimator is placed around a central detector. Col- 
limators can be either active radiation detectors, for example made of BGO or CsI 
scintillators, or passive structures made of high-Z metals. Two examples of success- 
ful instruments are the y-ray spectrometer (GRS) on the Solar Maximum Mission 
(SMM, 1981-90; Fig. 3), and the Oriented Scintillation-Spectrometer Experiment 
(OSSE) on the Compton Gamma-Ray Observatory (CGRO, 1991-2000). 

The advantage of an imaging telescope for astronomical observations was clearly 
established and led to the next generation of high-energy detectors, SAS-2 and 
COS-B. Both high-energy satellite telescopes were based on digital readout spark- 
chambers that allowed for the reconstruction of pair-creation events by tracking 
the electron-positron pairs. Around the central tracker a charged particle anti- 
coincidence shield made of plastic scintillator and, for COS-B, a calorimeter to 
measure the deposited pair energy, were used. SAS-2 was developed on the basis 
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Fig. 3 SMM/GRS (1981-90): an actively shielded multi-crystal scintillation spectrometer, sensi- 
tive to photons in the range 0.3-100 MeV [8]. SMM was continuously pointed at the Sun. The open 
acceptance angle of about (135°) in the forward direction prevented the identification of individual 
sources, but allowed the instrument to monitor the temporal signatures of solar flares. 
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of previous balloon detectors at NASA/GSFC and the COS-B instrument was built 
by a European consortium of research institutes. 


1.2 The ‘MeV Sensitivity’ Gap 


Fig. 4 shows the sensitivities for past and current y-ray instruments in the range 
between 10~? and 10° MeV. While sensitivity should be defined case by case, i.e. 
depending on the source spectrum, its spatial distribution, and position in the instru- 
ment field of view, an order of magnitude estimate of the instrument performance 
can be given assuming a generic spectral shape at each photon energy. When pro- 
vided with background estimates, the effective area, and a typical exposure time 
(here 1 Ms), the sensitivity can be calculated from Eq. (1) to the desired level (here 
30). In general, the lower the sensitivity the better the instrument performs. It is ev- 
ident that the currently flying telescopes NuSTAR (< 80 keV), INTEGRAL’s ISGRI 
and SPI (0.02—8 MeV), and Fermi-LAT (> 0.03 GeV) shape a region in sensitivity 
space that peaks in the MeV. This several orders of magnitude worse sensitivity is 
called the ‘MeV Sensitivity Gap’, and is the direct result of a small collection area 
(Sec. 4) combined with a high instrumental background (Sec. 2.2). Reducing this 
MeV gap is a currently an active field of technological, methodological, and con- 
ceptual development, and attempts to alleviate the problems in the MeV range are 
described in Secs. 4.6 and 5. 
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Fig. 4 Continuum sensitivities of hard X-ray to high-energy y-ray instruments. Shown is the 30 
sensitivity for an observation time of 1 Ms. The Crab’s spectral energy distribution from [10] is 
shown with respect to the sensitivities as it is the ‘standard candle’ of high-energy sources. Mil- 
liCrab (mCrab) flux levels can only be seen with deep exposures in the 0.3-100 GeV range or 
below 100 keV. This defines the ‘MeV Gap’ of instrument sensitivities (red shaded area) — the least 
explored region in the electromagnetic spectrum. 
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In addition to this MeV gap for continuum emission, there is also a similar prob- 
lem for nuclear y-ray lines. While COMPTEL on CGRO could, for example, iden- 
tify narrow line emission at 1.8 MeV, its spectral resolution was only 10 % (FWHM) 
so that many lines blended together to form one broad feature. High spectral resolu- 
tion in the MeV range can be achieved by the use of germanium detectors (Sec. 4.7), 
such as in RHESSI or SPI. While increased spectral resolution helps to identify back- 
ground features more easily, the small collecting area still prohibits the investigation 
of many potential astrophysical sources. As of now, only a dozen nuclear lines of 
astrophysical origin have been observed with HEAO-3, COMPTEL, RHESST, SPI 
(and NuSTAR). These include the positron annihilation line from the centre of the 
Galaxy at 511 keV [e.g., 11, 12, 13, 14, 15, 16], short- and long-lived ejecta from 
massive stars and their supernovae such as “4Ti [e.g., 17, 18, 19, 20, 21, 22, at 68, 78, 
1157 keV], 7°Al [e.g., 23, 24, 25, 26, 27, at 1809 keV], and °°Fe [e.g., 28, 29, 30, at 
1173 and 1332 keV], short-lived isotopes powering the early light-curves of type Ia 
supernovae [e.g., 31, 32, 33, 34, with *°Ni and °°Co at 158, 812, and 847, 1238 keV, 
respectively], as well as nuclear excitation lines from solar flares [e.g., 35, 36, with 
511keV from electron-positron annihilation, 7H at 2223, !*C at 4438, and !°O at 
6129 keV, among others]. With a factor of ten improvement in the line sensitiv- 
ity, the number of detected lines, and therefore the science enabled by this, could 
increase by the same order of magnitude, eventually finding CR excitation of inter- 
stellar medium material, ejecta from classical novae, and multiple supernova lines 
[e.g., 37]. The advantage of nuclear line studies is the possibility of finding an abso- 
lute measure of ejecta masses, CR fluxes, and kinematics, which may be biased by 
using observations at other wavelengths. 


1.3 Interactions of Light with Matter 


While for longer-wavelength light, most interactions with matter are either of re- 
fractive, reflective or diffractive nature owing to the wave character of light, higher 
energy photons experience processes prone to particles instead of waves. These are 
used to determine the energy of the incoming light by measuring their partial or total 
deposits in the detecting material. While more processes can occur, the most rele- 
vant reactions for X- and y-ray photons are photoelectric absorption (photo-effect), 
Compton scattering, and pair production. 

The photo effect [38] describes a photon undergoing an interaction with an atom 
in which the photon deposits its total energy and is removed completely. To conserve 
momentum and energy, a photoelectron is emitted by the absorbing atom. Since 
the interaction is with the atom as a whole, having bound electrons in its shells, 
the photo effect cannot occur on free electrons. The most probable electron to be 
ejected in photoelectric absorption is the one most tightly bound in the K-shell. The 
photoelectron has an energy of E, = Ey — Ep where Ey is the binding energy of the 
electron in the atom. The interaction probability for a y-ray photon to undergo the 
photo effect is described by the cross section, typically as a function of energy, 
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where r, is the classical electron radius, @ is the finestructure constant, Z is the 
atomic charge number, and k = E,/ (m-c7) is the photon energy in units of electron 
rest masses [39]. Equation (2) is a valid approximation for k < 0.9; for higher ener- 
gies and, for more precision over large photon energy ranges, the cross section from 
[40] should be used. 

At photon energies of approximately between k = 0.1-1.0, depending on the 
material, the Compton effect [41] becomes the dominant interaction process of light 
with matter. Compton scattering describes the process of a y-ray undergoing scatter- 
ing with an electron, assumed to be at rest. The photon changes its path as a result 
of this process and transfers some of its energy to the electron which then recoils. 
The deflection angle, also called the Compton scattering angle @, is the fundamental 
property that determines the origin of the y-rays in Compton telescopes (Sec. 4.3). 
Because, in principle, the range of scattering angles covers a full circle, the process 
of Compton scattering, i.e. the photon loses energy to enhance the kinetic energy 
of the electron, can also be inverted to Inverse Compton scattering, i.e. the photon 
gains energy by scattering with fast electrons. In the range k = 0.2—20 [39], the total 
cross section for Compton scattering is approximated by 


14k [2(+k)  In(1+2k)]  In(1+2k) 143k 
ace = Zar? { = | A ee) ee }, (3) 
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Higher order corrections can again be found in [40]. 

For k > 2, pair production [42], ie. the conversion of a y-ray into an electron- 
positron-pair, becomes possible. While formally, the production of pairs starts at 
twice the rest mass energy of an electron of 1.022 MeV, the interaction probabil- 
ity stays at a low level until the cross sections dominate, typically above k = 20. 
Pair production can occur in any electromagnetic field; for the detection of y-rays, 
the Coulomb fields of nuclei are to be considered. The y-ray photon loses all of its 
energy in the process, is removed from the scheme, and replaced by a pair that car- 
ries the total energy of the photon. The kinetic energy of the electron and positron, 
respectively, is symmetric about half the energy of the incident photon, minus the 
rest mass energy of the electron. The interaction cross section for pair production 
[39, 40] is 

Opp = Z? ar? (Hinze Spt OUInk/k2)) (4) 
9 27 
where higher order terms span several lines of terms. The important feature to note 
here is that the cross section for pair production in the field of a nucleus increases 
with the charge number of the nucleus squared. 

In detail, the cross sections vary for different materials, compositions, and matter 
structures. In Fig. 5, the mass attenuation coefficients, no /p, with p being the den- 
sity and n being the number density of the material, for y-ray detector media that are 
typically used are shown. The shapes of photo effect, Compton scattering, and pair 


10 Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


— Germanium 104 — B60 
== Silicon == CZT 


7 Rayleigh Scattering 7 Rayleigh Scattering 

= 4 —— Photoelectric Absorption il 102 —— Photoelectric Absorption 
~ 10 == Compton Scattering — =<= Compton Scattering 
ee == Pair Production Z 101 == Pair Production 

§ 10 —= Total Attenuation 5 \ — Total Attenuation 

i ® 10° 

2 10° es 10) 

£ 10-2 g 10-+ 

< A ON Ne 0 ee ee oe 
9 LK SC Sree n 

& 107? 8 19-2 

= = 


1 


1 


o-4 o-4 
10-7 10-107? ~=10° 104 10-10? 10108 10-7 10-2 10-7? ~=10° 104 10,10? 10* 108 
Photon Energy [MeV] Photon Energy [MeV] 


Fig. 5 Mass attenuation coefficients for commonly used detector materials as a function of pho- 
ton energy. The individual interaction processes are shown as coloured lines. Left: Germanium 
(solid) and Silicon (dashed). Compton scattering dominates in the energy range ~ 200 keV to 
~ 10 MeV which makes these semiconductors efficient scattering detectors. Right: BGO (solid) 
and CZT (dashed). In these high-Z materials absorption through photo-effect or pair-creation is 
more pronounced. 


production are similar for the elements and compounds shown, however the minus- 
cule details change the behaviours and areas of use of the detectors. For example, 
plastic shows a much broader Compton scattering regime compared to other scin- 
tillating materials (e.g., BGO), making it the scattering material of choice of classic 
Compton telescopes (Sec. 4.3). 


2 Instrument Capabilities and Requirements 


In order to do y-ray astronomy, the direction from which the y-ray originated, its 
time of arrival, its energy and its polarisation would, ideally, be determined accu- 
rately. Depending upon the energy of the incident y-ray and upon the nature of the 
source of interest, different types of y-ray detectors are required for this task. As 
will be discussed in Sec. 3, some scientific objectives require highly-accurate en- 
ergy resolution, usually achieved at the expense of positional accuracy i.e., angular 
resolution. Conversely, when high angular resolution is required, the spectral accu- 
racy of the measurement usually has to be compromised. Gamma-ray polarimetry is 
an upcoming field and individual Chapters in this book are dedicated to this topic; 
a brief overview of measuring the polarisation of y-rays is provided later in this 
current Chapter. 

A massive detector with limited positional but good energy resolution and deep 
enough to absorb most of the scattered photons can be used as calorimeter to mea- 
sure spectra of incident y radiation. Limited angular resolution can be achieved by 
fitting massive anti-coincidence wells around the detectors leaving an ‘acceptance 
angle’ free, or by constraining the field of view with a passive or active collima- 
tor. A modern high-resolution Ge spectrometer is the MeV spectrometer SPI on 
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Fig. 6 Characteristics of a selection of historic and current instruments as a function of photon 
energy. Top left: Effective area. Top Right: Angular resolution. Bottom left: FWHM energy reso- 
lution. Bottom right: Timing Accuracy. 


the INTEGRAL mission [43, 44], which in addition to a massive anti-coincidence 
well encodes the incident y-ray beam through a coded mask to enable imaging of 
radiation sources (Sec. 4.2). 

In order to detect a y-ray via its pair-production interaction whilst extracting 
as much positional and energy information as possible, two main elements are re- 
quired: Firstly, the y-ray must be made to interact, i.e. pair produce, in the detector. 
In order to increase the probability of the y-ray pair-producing, a high-Z material 
is required. For the Energetic Gamma Ray Experiment Telescope (EGRET) detec- 
tor aboard CGRO, this comprised tantalum foils [45] while for both the Large Area 
Telescope (LAT), on board the Fermi satellite and the Gamma-Ray Imaging Detec- 
tor (GRID) on the Astro-rivelatore Gamma a Immagini LEggero (AGILE) satellite, 
the high-Z converter material used is by tungsten [46, 47]. The resulting electron- 
positron pair must then be tracked as accurately as possible so that the direction of 
the incident y-ray can be reconstructed. This is done by measuring the passage of 
the electron/positron pair by the tracker. For EGRET this was achieved by means 
of a multilevel spark chamber [45]. In both LAT and AGILE’s GRID, the trajec- 
tory of the charged particles is recorded by layers of silicon strip detectors [46, 47] 
(Sec. 4.4). 
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To determine the energy of a y-ray, it is desirable to stop the electron-positron 
pair in the detector via a calorimeter, where the total energy deposit is measured. 
For EGRET a large Nal Total Absorption Shower Counter was the principal energy- 
measuring device while in LAT the calorimeter comprises 16 modules, each of 
which is composed of 96 CsI(T1) crystals. The calorimeter on AGILE’s GRID is 
also composed of CsI(T1), in this case 30 bars arranged in two planes [47]. In addi- 
tion to providing an energy measurement, a segmented calorimeter can also act as an 
anchor for the electromagnetic particle shower, providing further positional infor- 
mation to aid with pinpointing the direction of the incident y-ray and to help with 
background discrimination (Sec. 2.3.3). The required elements of a y-ray detector 
operating in the pair-production regime are, therefore, a tracker and a calorimeter. 

Not essential for the detection of the y-ray but absolutely necessary so as to 
reject the overwhelming background of charged CRs that constantly bombard the 
instrument is an anticoincidence detector (ACD, Sec. 2.3.1). This allows the detec- 
tor to self-veto upon the entry of a charged particle so it is essential that it have 
high detection efficiency for such particles. The ACD of EGRET comprised a large 
scintillator which surrounded the spark chamber. As is discussed in chapter about 
EGRET in this book, backsplash, whereby a charged particle generated inside the 
detector traversed the ACD and thus caused a false veto, became a problem above 
10 GeV (Sec. 2.2.2). To avoid backsplash, the ACDs of both the LAT and AGILE 
are segmented allowing only the segment adjacent to the incident photon candidate 
to be examined when searching for a veto. This drastically reduces the effects of 
backsplash allowing for a much more efficient background rejection by the ACD. 

All these considerations are summarised in the four basic parameters of any y- 
ray telescope, most importantly the effective area, as well as the energy, angular and 
temporal resolution. An overview of current and past y-ray instruments in the MeV— 
GeV range is provided in Fig. 6. It is clear that the effective area is the reason why 
there is such a great loss in sensitivity in the MeV range (< 100cm?) compared to 
the keV or GeV range (both > 1000cm”; Sec. 1.2). However, because of Ge detec- 
tors, for example, the spectral resolution of MeV instruments (FWHM/E ~ 107?— 
10-7) can supersede those of GeV instruments by two orders of magnitude. The 
angular resolution of MeV telescopes can be similar to those of GeV telescopes, 
but only under specific circumstances, for example when observing the Sun in the 
case of RHESSI with a temporal modulation aperture (Sec. 4.2). Normally, Compton 
telescopes suffer from their inherently poor angular resolution on the order of de- 
grees, whereas coded-mask telescopes could achieve arcminute resolutions or better 
(see Sec. 4.2). GeV telescopes can be considered almost direct imaging telescopes 
as the dispersion is only important for lower energies. Because of the trackers, an- 
gular resolutions below the 0.1°-scale are possible. Finally, the scarcity of y-rays 
from celestial sources as well as their intrinsic temporal variability imposes a tim- 
ing resolution requirement of approximately 100 Us. 
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2.1 Earth’s Atmosphere and Space Environment 


2.1.1 Atmospheric Effects 


While at sea level the Earth’s atmosphere blocks almost all low- and high-energy 
y-rays to the extent that ground-based observations are impossible, high-altitude 
observations are still worth the effort and reduce the cost. For instrument prototypes, 
in particular, balloon flights are often used to test new apertures and concepts. 
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Fig. 7 Transmissivity of Earth’s atmosphere as a function of incoming photon energy (left) and 
observation altitude above surface (right) for different zenith angles. 


In Fig. 7 the transmissivity of the Earth’s atmosphere is shown for different pho- 
ton energies, incidence angles (zenith), and altitudes above the surface [48, 49]. The 
transmissivity is defined as the probability for a photon to reach a certain altitude 
without previous interaction and therefore to be unabsorbed. At aeroplane cruising 
altitudes (12 km), for example, the chance for a | MeV photon to pass through the 
upper layers of the atmosphere is 0.001% at most (i.e. at zenith). At this height, 
the transmissivity is maximised for 40 MeV photons at about 5 %. Because of the 
exponential decrease in the density of the atmosphere, the stratosphere layers of the 
atmosphere (up to 50km above ground) provide a useful environment for y-rays 
telescopes. At typical balloon flight altitudes of around 30 km, the zenith transmis- 
sivity is already around 30% for photon energies of 50keV. Up to 40 MeV, the 
transmissivity grows exponentially to about 85 % and slightly declines afterwards 
to flatten out at 80% for GeV energies. Clearly, with the beginning of the meso- 
sphere at altitude of approximately 80 km, essentially all y-rays photons are directly 
measurable, and only soft and hard X-ray photons remain absorbed. Beyond the von 
Karman line at around 100 km, which conventionally defines the border between the 
atmosphere and space, all photons are readily detected as the transmissivity is nearly 
100 % throughout the electromagnetic spectrum. 

Most important for y-ray observations at balloon altitudes, however, is the zenith 
angle dependence. For the same photon energy and observation altitude, different 
zenith angles lead to vastly different transmissivities and therefore a much more 
drastic change in the effective area of the instrument (Sec. 4). While response func- 
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tions for balloon experiments take into account the zenith dependence of their effec- 
tive area, the simulations to provide a reasonable measure of the atmosphere effects 
require different setups depending on the balloon position around the Earth. This 
is the case because the local atmospheric conditions, including density and temper- 
ature for example, and in particular, the magnetic cutoff rigidity change with the 
Earth’s latitude and longitude [50]. 


2.1.2 In-Space Observations 


Passing the 100km mark, y-ray instruments experience the space environment 
which mainly concerns the distributions of charged particles. In terms of onboard 
electronics, the instruments start to suffer more single event latch-ups and other ef- 
fects. These are short circuits caused by heavy ions or protons hitting the electronics 
and triggering semiconductor band transitions. Apart from the latch-ups the detec- 
tors themselves are also more susceptible to incoming radiation. This can be used 
as an advantage to measure the in-orbit particle spectrum, and therefore provide a 
measure for the instrumental background (Sec. 2.2). Depending on the energy of the 
charged particles, they produce secondary particles when interacting with the instru- 
ment or satellite material. The secondary particles compose most of the instrumental 
background for y-ray measurements in space, especially in the MeV range. 
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Fig. 8 Van Allen Radiation Belts around Earth (left) with Inner and Outer belts (to scale). Because 
the Earth’s magnetic field is tilted with respect to its rotational axis (dashed line), the closest part 
of the Inner belt can reach to about 200 km above the southern Atlantic. This is called the South 
Atlantic Anomaly (SAA, right, adapted from [51], and reproduced with permission). Shown is the 
difference to the mean magnetic field intensity of 45.8 uT (red solid line) in steps of 4.1 uT until 
the region defining the SAA (solid purple line). Inside the purple region, the steps are 0.6 uT for a 
minimum around Earth longitude and latitude of 60°W and 28°S. 


The concentration of charged particles around Earth is not homogeneous. Be- 
cause of the Earth’s magnetic field, charged particles are trapped around the planet in 
torus-like accumulations (Fig. 8). These are known as the Van Allen Radiation Belts 
[e.g., 52]. Two tori trap electrons and protons, and to a lesser extent a-particles, 
reaching from 0.2 out to 2 Earth radii (Inner belt) and from 3 to 10 Earth radii 
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(Outer belt), respectively. While the Inner belt contains sub-relativistic electrons 
(few hundred keV) and protons (~ 100 MeV), the Outer belt also holds relativistic 
electrons (up to 10 MeV). The Outer belt is more easily influenced by the Sun and 
therefore more variable than the Inner belt. 

Because the magnetic field of Earth is slightly tilted with respect to its rotational 
axis the centres of the belts are further shifted from Earth’s centre, the Inner belt 
has an anomalously close approach at one specific region to the East of the South 
American continent. This is called the South Atlantic Anomaly [SAA, e.g., 53, 51]. 
The anomaly represents an area in which the Earth’s magnetic field is weakest rela- 
tive to its surroundings (Fig. 8, right). In this region, the Inner belt approaches within 
200 km of the surface which results in higher abundances of energetic particles. This 
leads to an enhanced instrumental background for satellite observatories (Sec. 2.2). 


2.1.3 Orbit Considerations 


There are options to alleviate the impact of the SAA and Van Allen Radiation Belts 
when the orbit of the satellite onboard which the instrument will be mounted is cho- 
sen. However, not all instruments suffer from the effects of the increased radiation 
in the same way. While MeV telescopes without major event selection capabilities 
(Sec. 2.3.3) should avoid the SAA altogether, GeV instruments are typically placed 
in LEO, i.e. orbits between 200 and 2000 km. Most astronomical observatories in 
LEO are found between 450 and 600km. Above an orbit of 1200km, the radia- 
tion belts would again lead to a much increased instrumental background. For MeV 
transient observatories in particular, such as, for example Fermi-GBM, the enhanced 
particle flux at LEO is of only mediocre concern because the background for short 
time scales (on the order of seconds or less) can easily be determined from adjacent 
times. 
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Fig. 9 Satellite orbits and balloon flight paths. From left to right are shown the Fermi orbit, the 
INTEGRAL orbit, and the COSI balloon path from a campaign during 2016. The orbits in each 
panel are to scale. 
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For longer and targeted MeV observations, the radiation belts would lead to an 
insurmountable background rate which would heavily reduce the sensitivity of the 
instrument. For this reason, MeV observatories like INTEGRAL chose high ec- 
centricity and high inclination orbits to escape the radiation belts for a significant 
amount of their orbits. The initial INTEGRAL orbit, for example, was a 72-hour 
orbit with an inclination of 52° and an apogee and perigee of 154000 and 9000 km, 
respectively. Since the Outer belt is populated with charged particles to at most 10 
Earth radii (~ 65000 km), most of the time spent in this orbit (~ 90 %) is far away 
from the increased radiation. However, the instruments onboard INTEGRAL have 
to be switched off every time it approaches Earth. 

For special tasks which cannot (or can only inaccurately) be performed by single 
instruments, special orbits can be considered. For example, some transient moni- 
tors have hardly any spatial resolution but can, however, be used in combination 
to provide highly accurate localisations (Sec. 4.6.4). The difference in the photon 
arrival times of transients can be used in triangulation to map overlapping annuli 
onto the sphere of the sky. The larger the leverage arm, i.e. the larger the light travel 
distance between instruments, the better the localisation accuracy. In particular, the 
Gamma-Ray Spectrometer onboard Mars Odyssey in a Mars orbit provides a valu- 
able baseline for Earth-orbiting transient detectors. This technique led to the term 
Interplanetary Network (IPN, [e.g., 54]; Sec. 4.6.4), for transient localisation with 
triangulation. Another ‘orbit’ of interest for y-ray and other observatories is the La- 
grange points, L2, of the Sun-Earth system (e.g., Wind, Spektr-RG), which also 
provide an excellent baseline for IPN measurements. 

While satellites follow a specified path and can, most of the time, perform ma- 
noeuvres to correct their orbits (and to make sure that they re-enter the atmosphere 
when the mission is decommissioned), balloons have no or only little capability to 
adjust their flight paths. Because of security concerns, among others, balloon flights 
are typically launched from remote areas, such as Antarctica, or those which are 
only sparsely populated. After the launch, the balloons experience the natural Earth 
environment and float freely governed by wind (lower atmosphere), temperature 
(day and night cycle), and torque (rotation of the Earth). Because the power genera- 
tion has to be secured, which is mostly done with solar panels, the balloon gondolas 
are rotated towards the Sun during daylight. This also holds the aspect angle of the 
instruments, which simplifies the analysis. At night, the gondolas can again tumble 
freely and minuscule changes in the altitude can lead to extreme variations in the 
flight paths. As examples, we show two satellite orbits as well as the long-duration 
balloon flight path of the COSI prototype in Fig. 9. For more details on orbital con- 
siderations, the reader is referred to the Chapter on orbits and background of y-ray 
space instruments in this book. 
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2.2 Instrumental Background 


2.2.1 Variations of the Background 


The interaction of charged particles, i.e. in general CRs, with instrument and satel- 
lite material leads to several different components that are summarised under the 
term instrumental background. These are all unwanted primary and secondary par- 
ticles and photons which lead to enhanced count rates in the instruments, dilut- 
ing the celestial signals of interest. The interactions of CRs with matter lead to 
inverse Compton scattering, bremsstrahlung, nuclear excitation, spallation, radioac- 
tive build-up and decay, particle-antiparticle annihilation, and secondary particle 
production which can also undergo all of the previous interactions again. This results 
in a cascade of interactions that, depending on the energy range of the instruments, 
are measured continuously. 
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Fig. 10 CR induced background rates for different processes from different origins. Top left: 
Prompt MeV background is anticorrelated to the Sun-spot number, and thus with the solar mag- 
netic field. Top right: Radioactive build-up can occur when the lifetime of isotopes (here ©°Co) is 
much longer than the activation function (cosmic-ray flux, inverse proportional to Sun-spot num- 
ber). Bottom left: Solar flare events provide a large single dose of mainly protons during a short 
amount of time. Intermediate lifetime isotopes (here **V) are enhanced by a factor of ten and then 
decay according to their decay constants. Bottom right: Equatorial LEO satellites pass the SAA 
every 90 min, activating numerous short-lived isotopes which then decay during the next orbit. 
Adapted and updated from [55] and [56] - reproduced with permission. 
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The largest impact on the amplitudes of these processes is given by the solar 
activity and the terrestrial and solar magnetic field. Long-term trends in the instru- 
mental background rate of MeV instruments are anti-correlated with the Sunspot 
number [e.g., 57, 58], which is a direct indicator of the solar magnetic activity cy- 
cle of eleven years (Fig. 10, top left). The solar modulation of CRs is related to the 
intensity of the turbulent solar wind, which increases when the Sun’s magnetic field 
is strong. In other words this means that when there is a high number of Sunspots, 
the instruments are better shielded from CRs. This leads to a reduction of the instru- 
mental background rate which is why y-ray missions are typically launched during 
or before the solar maximum. One famous example for this is the Solar Maximum 
Mission (SMM) launched in 1980. Two solar cycles later in 2002, INTEGRAL was 
launched — also near the solar maximum. Depending in addition on the chosen satel- 
lite orbit, the background rate can more than double between the solar maximum and 
minimum. This effect is visible for prompt background phenomena such as continu- 
ous processes (e.g., bremsstrahlung; Fig. 10 top left), nuclear excitation followed by 
fast deexcitation which typically happens on the order of nanoseconds, and particle 
production with fast decays from pions or B-unstable elements. 

If the lifetime of the particles produced is (much) longer than the production 
time scale through CR bombardment, two other temporal evolutions of the back- 
ground can be found. For example, if the radiation dose hitting the satellite is dras- 
tically increased, such as during a solar flare event with a coronal mass ejection, the 
background rates from y-rays of all isotopes in the satellite can rise by several or- 
ders of magnitude. For isotopes produced during such events that are longer-lived, 
the background rate then stays at a high level even long after the initial dose. In 
Fig. 10, bottom left, the rise of the background rate from the element *8V is shown. 
From a rather constant background rate of ~ 6 x 10~*cntss~! before the X-class 
solar flare on October 23rd 2003 (= MJD 52935), the *8V rate rises to more than 
1 x 107? cntss~!. Because *8V has a half-life time of 16d, its rate decays only ac- 
cording to this decay time; the expected exponential decay is clearly seen. Such 
nuclear reactions occur continuously, either converting stable satellite materiel to 
radioactive isotopes, which then decay promptly or with some delay, or directly ex- 
citing the nuclei of the instrument which then de-excite by the emission of y-ray 
photons. These y-ray photons have specific energies so that individual isotopes and 
processes can be identified which helps in suppressing the instrumental background 
as a whole. 

In the case of a regularly enhanced dose of radiation, for example by the passage 
through the SAA for LEO missions, the decays might not even go back to the base 
level because after about 90 min, the next passage of enhanced radiation occurs. 
This is shown in Fig. 10, bottom right, from a measurement of Fermi-GBM over the 
course of one day. Sixteen subsequent orbits and the different components making 
up the total measurement are shown. While after the first three SAA passages, the 
corresponding levels go back to nearly zero, orbits 4—7 obtain a higher radiation 
dose so that until 40000 seconds, the background rate gradually builds up. After 
orbit 8, only the very short-lived isotopes are seen in the data, while the build-up is 
still decaying on its own timescale. Other components, such as the Earth albedo, the 
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general CR activation rate outside the SAA, the cosmic y-ray background, as well 
as the Sun as a y-ray source itself, stay constant. Only the change in orientation and 
aspect of the instrument with respect to the different astrophysical and background 
sources let the rates appear varying [56]. If the radioactive decay time of isotopes 
is much longer than the activation function from CRs, more and more radioactivity 
is created inside the instruments. In the case of ©°Co, for example, with a half-life 
time of 5.27 yr, the decay rate is so small that over very long times, the background 
rate rises because there is radioactivity built up. Fig. 10, top right, shows the rate of 
the two y-ray lines at 1173 and 1332 keV from the decay of ©Co over 19 years of 
INTEGRAL/SPI measurements. Clearly, as the Sunspot number goes down, i.e. the 
activation rate goes up, the ©Co rate also rises. Since the activation rate drops again 
after the solar minimum, but the material still decays, the background rate in these 
lines appears constant. Then after the second maximum, the rate rises again. 
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Fig. 11 Instrumental background processes. Top: Nuclear excitation of instrument and satellite 
material by CR bombardment. An incident particle interacts with a nucleus from the instrument 
and forms a new isotope. This is formed in an excited state and de-excites by the emission of a 
prompt photon. The nucleus might still be left radioactive and decays (shown here as B-decay) 
toward a final nucleus, which may also involve the emission of a then delayed photon. Bottom 
left: Bremsstrahlung of a charged particle moving in the field of a nucleus. A negatively charged 
electron approaches the positively charged electric field of a target nucleus. By a change of direc- 
tion due to electrostatic attraction (or repulsion in the case of positrons), the electron is emitting 
bremsstrahlung photons equivalent to the change of its kinetic energy. Bottom right: Particle pro- 
duction by relativistic CRs. If the incident CR is energetic enough, particle production can occur 
(similar to accelerator experiments). The thresholds to produce certain particles depends on the par- 
ticles’ rest masses and the interacting nuclei. In the case of mesons being produced, for example 
neutral pions (°), they decay on time scales of nanoseconds or less, and emit y-ray photons. 
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2.2.2 Background as a Function of Energy 


Since most y-ray telescopes cover one or more decades of the electromagnetic spec- 
trum, their measurements, and in particular their background, can appear quite 
different. Depending on the spectral resolution, which, technologically, can be 
much higher at MeV energies compared to GeV energies, the general appearance 
changes. At MeV energies, the background spectra are dominated by an electron 
bremsstrahlung continuum with a multitude of y-ray lines on top (see Fig. | 1 for an 
overview of background processes). Above ~ 20 MeV, the decay and de-excitation 
lines from nuclei cease and the spectrum is a pure continuum up even to very high 
energies (TeV). Pion production and decay (e.g., p +p > p+p+7°, followed by 
n° —+ yy) describes the transition region from the MeV to the GeV background. 
While these interactions would produce a spectrum peaking at 67.5 MeV (half the 
rest mass of 2°) with a high-energy tail mimicking the incident proton spectrum, 
most of these interactions inside the instrument can be rejected due to their different 
signatures. 
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Fig. 12 Example of measured (background) spectra. Top left: NuSTAR from [59]. Top right: IN- 
TEGRAL/SPI from [55]. Bottom left: COMPTEL reproduced with permission from [60]. Bottom 
right: Fermi-LAT reproduced with permission from [61]. 


The nuclear lines directly reflect the elemental composition of the satellite, the 
instrument, and the Earth’s atmosphere. For example, shown in Fig. 12, top, are 
the highly resolved NuSTAR and SPI background spectra. Most of the lines below 
~ 100 keV are due to X-ray fluorescence of satellite material, i.e. atoms become ion- 
ized due to impinging radiation, which leads to an electronic transition from higher 
to lower shells, followed by the emission of a characteristic photon. Depending on 
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the element, these fluorescence photons can reach up to 115.6keV (uranium K- 
shell), formally being an X-ray photon due to its electronic nature, however falling 
into the ‘y-ray’ regime. The strongest instrumental lines in NuSTAR are due to K- 
shell fluorescences of Cesium and Iodine at 28 keV and 31 keV, respectively. Beyond 
the fluorescence lines, nuclear excitation lines, also appearing below 100 keV, shape 
the background spectra up to ~ 20 MeV. Nuclear excitation is the interaction of an 
incoming particle with only the nucleus of an atom, therefore enhancing the energy 
scale of the process. In instruments, either stable nuclei are excited directly by 1- 
100 MeV particles, or nuclear reactions, such as proton or neutron capture, lead to 
new nuclei which are produced in an excited state and de-excite promptly. For ex- 
ample, many of the strongest background lines in SPI are due to neutron captures 
and isomeric transitions of germanium isotopes. Isomeric transitions are the spon- 
taneous nuclear transitions of a meta-stable nuclear configuration to a less excited 
state by the emission of a characteristic y-ray photon. In SPI and other germanium 
detectors, multiple isotopes of germanium are naturally included in the crystals, so 
that multiple lines according to the different isotopes occur. The SPI lines at 23.4 
and 175.0keV are due to the second isomeric state of 7!"Ge (T, /2 = 20ms), and 
are coincidentally measured at 23.4 + 175.0 (T,/2 = 79 ns) = 198.4 keV to form its 
strongest background line [62]. 

Another strong line which always occurs in y-ray measurements is the 511 keV 
electron-positron-annihilation line. Either B*-unstable isotopes decay inside the 
satellite and produce a positron which quickly finds an electron to annihilate with, or 
CR bombardment leads to secondary positrons which slow down and also annihilate 
inside the satellite. 

Compared to SPI, COMPTEL had poorer spectral resolution (Fig. 12, bottom 
left), so that multiple lines overlapped and merged together as distinct line com- 
plexes, or weak lines were just smeared out and drowned in the continuum back- 
ground. A prominent line in the COMPTEL background was the neutron capture 
line on protons leading to a strong feature at 2.223 MeV. Most of these interactions 
occur for high accumulations of protons (hydrogen) which in COMPTEL was found 
either in its upper detector module filled with the liquid scintillator NE 213A (i.e. 
Xylene, CgH 0) or in CGRO’s fuel tanks filled with hydrazine (N2H4) [60]. 

In the pair-production regime a reduction in the y-ray detection efficiency can be 
due to a number of effects including instrumental pile-up, the incorrect vetoing of 
y-rays and particle leakage into the detector. One source of instrumental background 
is the residual signal that remains from the shower initiated by a charged particle, 
which has been vetoed, but whose decay time is such that traces still remain when 
a y-ray enters the detector volume and causes a trigger [63]. In this case, when the 
signals from the instrument are read out, there will be the signal due to the gen- 
uine y-ray event but also the residual signal that remains from the previously vetoed 
event. This can be seen schematically in Fig. 13. In Fermi-LAT this residual signal 
is referred to as a ‘ghost’ event and it can be present in the tracker, the calorimeter, 
the ACD or, indeed, in all three as is shown in Fig. 14. The effect has been mod- 
elled using simulations so its effects are well understood and are incorporated in the 
analysis of LAT data [64]. 
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Fig. 13 Schematic illustration of a ghost event. The remnants of electronic signals from the parti- 
cles of a background event (1) that traversed the detector volume prior to the gamma ray (2) that 
triggered the instrument get read out along with the y-ray signal. 


Other sources of background that have been identified and effectively removed 
from the LAT data include non-interacting heavy ions and CR electrons that leak 
through the ribbons of the ACD [66]. Improvements to the analysis and simulations 
post-launch have led to better particle-tracking algorithms [67] and y-ray selections 
[66]. Thus the effects of ghost events, leakage and non-interacting particles result in 
only a minor loss of efficiency in the LAT’s y-ray detection capabilities. 

Another way in which an inefficiency is introduced for the detection of y-rays at 
GeV energies is when a true y-ray gets incorrectly vetoed. In EGRET this was re- 
ferred to as ‘back-splash’ [45]. Although most of the particles in the electromagnetic 
shower travel along the direction of the incident y-ray, a small fraction of them go in 
the backwards direction. The low-energy photons in these showers Compton scatter 
electrons in the ACD and these charged particles can then cause a veto. The effect 
became more pronounced at higher energies with EGRET’s detection efficiency de- 
graded by a factor of 2 at 10 GeV compared to that at 1 GeV [68]. The ACD for the 
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Fig. 14 Left: From [64], an example of ghost activity in the LAT. On the right of the figure is a 
genuine y-ray whose reconstructed track is shown by the dashed line. The ghost activity is visible 
in the ACD, tracker and calorimeter. Only those ACD tiles with a signal are shown. Right: Repro- 
duced with permission from [65] - an illustration of the effect of back-splash in the simulation of 
the LAT ACD. Red lines show the charged particles and blue dashed lines show the photons. The 
red dots show the signals in the ACD due to back-splash. 
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Fermi-LAT was then optimised to avoid this issue [68]. An illustration of the effect 
of back-splash in the LAT ACD simulation model is shown in Fig. 14, right. 


2.3 Background Suppression 


As shown in Fig. 12, the measured detector rates from different instruments in the 
MeV to GeV range are on the order of 10-°-10! cntss~'keV~!. These rates are 
already reduced by different suppression mechanisms which decrease the rate of in- 
coming particles and photons by several orders of magnitude. Depending on the en- 
ergy range and instrument again, the methods to reduce (instrumental) background 
begin with the choice of the orbit (Sec. 2.1.3). However, most of the reduction in 
the MeV-—GeV range is achieved by active anticoincidence shields, discrimination 
of signals in the readout electronics, and through case-specific data selections in the 
multi-dimensional data spaces of y-ray telescopes. 


2.3.1 Anticoincidence Shields 


The general idea of an anticoincidence shield is to veto unwanted particles and/or 
photons that would enter the detector. This means the active detector is surrounded 
by another, sometimes U-shaped, active detector with a fast readout system. In the 
case of a U-shaped detector, the effects are twofold: First, the inner detectors are 
shielded physically from all directions except for close to zenith (the size of the 
shield defines the field of view, Sec. 4.1), and second, the inner detectors are shielded 
electronically from events that interact with the anticoincidence system. In Fig. 15, 
the normal, unvetoed observation case (top) and the vetoed observation case (bot- 
tom) with an anticoincidence signal triggered are shown. 

Most modern MeV and GeV telescopes have veto systems made of scintillator 
crystals with a high light yield. For example the veto shields of the IBIS and SPI 
telescopes onboard INTEGRAL are made of BGO, and show a typical count rate 
of up to 10° cntss~!. A considerable fraction of these counts would necessarily be 
measured in the main detectors and would heavily increase the average rate. 

However, the veto shields also have a huge disadvantage: they are heavy and 
come with more mass than would actually be needed for the main detectors, ef- 
fectively reducing their sensitivity. More mass is equivalent to more instrumental 
background because CRs have more area to interact with. That means that there is a 
trade-off between the increased mass and the background reduction where the latter 
typically gets precedence. 

A major advantage of the massively increased photon collecting area of veto sys- 
tems is their transient monitoring capabilities thanks to their quasi-all-sky fields of 
view. While the main detectors of many instruments only observe in the zenith di- 
rection, the veto shields see the entire sky, unless blocked by the Earth. If multiple 
instruments and shields onboard a satellite are combined, the sensitivity to tran- 
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Fig. 15 Anti-coincidence systems logics. Top: Two photons, (1) and (2), arrive from inside the field 
of view of the instrument and deposit their energies in the active detector (left). In the electron- 
ics readout (schematic, right), a pulse is registered for each event, and with its start, the detecting 
system is unable to record any more events during a specified time AT (dead time). Either the 
pulse height or the integral over the entire pulse over the time of measurement AT converts the 
registered event into an electronic channel number, which will be associated with a photon energy 
after calibration. Bottom: After photon event (1), a particle (2) hits the veto shield from the side. 
Shortly after, another photon (3) interacts with the detecting system. Because the veto shield trig- 
gers an anticoindicence (purple range, right), events (2) and (3) are both vetoed, and only event (1) 
is recorded. 


sient events is largely enhanced, and the satellite functions as one big observatory. 
Savchenko et al. (2017, [69, 70]) showed and used this for the INTEGRAL obser- 
vatories, Fig. 16. 

Because the mass required to shield MeV detectors can comprise a considerable 
portion of the satellite payload, the effective collecting area supersedes that of the 
main camera by up to two orders of magnitude. For example, the SPI veto shield 
ACS weighs 512 kg and reaches a maximum effective area of ~ 10* cm? [e.g., 69], 
however, without any spectral information (compared to the 10-10?cm? of SPI). 
The veto system on COSI, for example, made of CsI, weighs about 100kg [72]. 
This means that whenever an active veto system is installed, careful consideration 
should be given to whether spectral information can be added to its detection system 
so that a spectral analysis of transients can also be performed. 

In the pair-production regime, where the background of charged CR particles out- 
number the y-ray events by a factor of 10*—10°, plastic scintillator tiles are mostly 
used nowadays for the ACD; this is the case for both LAT [73] and AGILE [47]. 
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Fig. 16 The INTEGRAL satellite as all-sky observatory. Shown are the different instruments and 
veto shields in the study of Savchenko et al. (2017, [69], left) and the efficiency of the instruments 
with respect to the SPI-ACS (right). For a given gamma-ray burst (GRB) spectrum and duration 
(here: Band function [71] with @ = —1, E, = 300keV, and B = —2.5 for 8s), the different in- 
struments would be expected to measure certain rates relative to each other. This describes a “477 
response’. 


These plastic tiles do not add too much weight and are a well-understood, efficient, 
reliable, and inexpensive technology [46]. The ACD of LAT comprises a total of 
89 scintillating plastic tiles, with varying surface areas (between 561 and 2650 cm) 
and thicknesses (between 10 and 12 mm), 16 of them on each of the four sides and 
25 on the top of the instrument [64]. The ACD of AGILE comprises 13 independent 
charged particle detectors [74]. As discussed in Sec. 2.3, the segmentation of the 
ACDs of both LAT and AGILE allows for a localisation of the veto signal to avoid 
false vetoes due to back-splash. To cover the gaps between ACD tiles in the X- and 
Y-axis, the LAT also has eight flexible scintillating ribbons. In LAT the signal gener- 
ated upon the passage of a charged particle is transmitted to the 194 PMTs (two for 
each ACD tile and two for each of the ribbons) via wavelength shifting fibres and 
clear fibres so that the veto can be registered. The signals from the AGILE plastic 
scintillators are read out via optical fibres connected to 16 subminiature PMTs. The 
total mass of the ACD on LAT is 284kg (the combined mass of LAT is 2,789 kg) 
while that of AGILE is 22.5 kg (the combined mass of the AGILE scientific instru- 
ments is ~ 100kg). 


2.3.2 Pulse Shape Discrimination 


Another useful technique to filter out particle events, for example in MeV tele- 
scopes, can be achieved by measuring the shape of the incident pulse in the electron- 
ics. These pulse shape discriminators (PSD) include templates of rise times to peak 
and fall times to base level for different particle types so that unwanted particles can 
efficiently be ignored. The templates depend on the interaction locations in the de- 
tectors as well as on the charge carrier mobility as a result of the electric fields and 
applied voltages [75]. The general idea to distinguish, for example, B-particles from 
photons interacting with the detectors, is that the particles mostly interact in one par- 
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ticular site to deposit parts of their kinetic energy, whereas photons show deposits 
in multiple sites. This means that single-site events from electrons could potentially 
be rejected, which enhances the sensitivity of the instrument whenever the photon 
energies imply a high probability of scattering within the detector volume. 

Because photons can also be directly absorbed in only one interaction, the energy 
threshold for a PSD should be set around the turnover from photo-electric absorp- 
tion to Compton scattering (Fig. 5), which depends on the material and geometry 
of the instruments. In Fig. 17 a sketch of pulse-shape-discriminated particles com- 
pared to photons is shown. PSD electronics have been employed, for example, in 
INTEGRAL/SPI, and are also used to suppress electronic noise which arises from 
the saturation of its Analog Front-End Electronics [76]. 
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Fig. 17 Working principle of a pulse shape discriminator. Events (1) (photon) and (2) (electron) 
are recorded by the detector. Their pulse shapes are compared to a template (dotted red). If the 
pulse shape is similar to a B-particle template, it is recognised and filtered out. 


2.3.3 Tailored Data Selections 


The data that can be sent from the satellite to ground stations for further analysis 
and diagnostics is limited and so, those that are downloaded must be considered 
and selected carefully. In the case of the LAT for example, the on-board trigger is 
designed to pre-scale the volume of each particular event class that is downloaded 
so that a maximum of y-ray candidates can be kept whilst also sampling a sufficient 
quantity of particular background and periodic trigger events to help characterise 
and keep track of the conditions under which the signal is detected. Once down- 
loaded, the data can be subjected to different sets of analysis cuts, each designed 
with particular scientific goals in mind. For LAT, these are known as event classes 
and they are optimised to address different science cases including, for example, 
transients, steady point sources or diffuse backgrounds. The quality and efficiency 
of the cuts is different for each class. Similar data selections can apply for the event 
selections in Compton telescopes, for example, utilising the Compton Data Space 
[60] to distinguish background and sky photons. 
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3 Astrophysical Sources of Gamma Rays: Not one fits all 


Depending on the scientific goal of the observations being undertaken, the y-ray in- 
struments look very different because they are designed for specific tasks. Figure 18 
shows a selection of images which highlight the diversity of the science that can be 
studied at y-ray energies. The instrument capabilities need to be optimised accord- 
ing to both the energy range of the y-rays being sought and the science case under 
study. An in-depth description of both Galactic and extragalactic y-ray science can 
be found in Volume 3 of this Handbook. 
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Fig. 18 Top left: Gamma-ray spectroscopy using INTEGRAL/SPI. The spectral decomposition 
into lines is shown for near the 7°A1 line [55]. Top right: A significance map showing the y-ray sky 
above 15 GeV around the supernova remnant y-Cygni (G78.2+2.1 / VER J2019+407) reproduced 
with permission from [77]. Shown are the 1420 MHz observation from the Canadian Galactic Plane 
Survey at brightness temperatures from 22 to 60K (green), the VHE source, VER J2019+407, 
smoothed photon excess contours (magenta), and the location of the y-ray pulsar, PSR J2021+4026 
(blue cross). The boundary of the extended LAT source 3FGL J2021.0+4031e is indicated by the 
white dashed circle. Bottom left: The light curve of GRB131014 in the 0.03—1 GeV energy range. 
The polynomial fit to the background is shown by a red line. The data are analysed using the LAT 
low-energy technique, designed to optimise the study of bright transient events below ~ 1 GeV 
[78]. Bottom right: The spectral energy distribution of the blazar 1ES 1215+304 from [79]. The 
data and model are from the source when it was found to be in a low state. Shown are the blob 
synchrotron and synchrotron self-Compton (SSC) contributions (pale blue), the jet synchrotron 
and SSC emission (dotted—dashed pink), the intrinsic SSC emission without absorption from the 
extra-galactic background light (dotted blue), and the sums of all components (thick brown and 
thick black dotted—dashed). 
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Once the instrumental background has been taken into account in the data anal- 
ysis, the signal that remains is that due to astrophysical y-rays. Depending upon 
the energy range being investigated and on the pointing direction on the sky, this 
could be a superposition of a number of different components. Each of these com- 
ponents needs to be modelled and understood in order to study the y-ray emission 
detected. Gamma-ray sources can appear point-like or extended, depending upon 
the combination of their intrinsic nature and on the angular resolution and expo- 
sure time of the instrument. The y-ray emission from resolved sources will lie on 
top of that from the diffuse y-ray background, itself a combination of unresolved 
point sources, the isotropic diffuse background and possibly containing so-called 
exotic components such as contributions from dark matter annihilation and axions. 
Many solar-system objects, for example the Sun and the Moon, are y-ray emitters 
and, in addition to being studied in their own right, constitute a foreground source 
that has to be accounted for when they pass between the y-ray telescope and more 
distant sources for those instruments who can operate in their presence. The spatial, 
spectral and temporal nature of the y-ray sources being investigated are important 
considerations when designing an instrument and optimising the observational and 
analysis strategy. 

Some y-ray sources, certain supernova remnants or radio galaxies, for example, 
are extended and can have multiple emission components or exhibit different spec- 
tral features at different locations. The identification of a position-dependent photon 
index can help map out the underlying structure of the source and thus, high angular 
and spectral resolution is a requirement. 

Sources can be steady emitters, meaning that they emit a flux that does not vary 
significantly with time. Often, extended sources of y-rays have been found to belong 
to the class of steady emitters. The y-ray emission from point-like sources can be 
variable over many different timescales from minutes (some AGN) to years (e.g., 
some binary systems) or, indeed, it can be periodic (pulsars and binaries) quasi- 
periodic (some AGN) or episodic (AGN, some pulsar wind systems). This variable 
signal may well sit on top of a more steady component. Other sources of y-rays, 
such as GRBs and perhaps fast radio bursts, are one-off events meaning that their 
detection is dependent upon having a large enough field of view. 

The spectral properties of the y-rays being studied should also be considered. 
Many y-ray sources have continuous spectra that follow a power law, due to the 
non-thermal nature of their emission. The spectra of sources whose y-ray emission 
is due to nuclear transitions will have a line nature. Many dark matter models also 
predict mono-energetic y-ray signals meaning that spectral lines at an energy corre- 
sponding to the mass of the annihilating or decaying particle are sought. Similarly, 
the annihilation signature of neutral pions (an indicator of hadronic processes at 
work in the y-ray source) will exhibit a characteristic bump. Many y-ray sources 
also exhibit spectral breaks and cutoffs so, depending upon the importance of accu- 
rately measuring these spectral features, the energy resolution of the instrument is 
an important consideration. 
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4 Instrument Designs 


Gamma-ray measurements in the MeV and GeV range classically rely on the mod- 
ulation of one or more data space dimensions. Because single photons are counted 
in individual detector units, such a variation can appear minuscule and still lead to a 
significant change if treated properly by statistical means. The recognition of one or 
zero counts in the complex data spaces over a longer period of time leads to almost 
unique inferences when the full instrument response is applied. The instrument re- 
sponse is, in general, a kernel function that converts an (astro)physical model, such 
as a point-like or extended source with a certain spectral shape with physical units, 
into the native data space of the instrument, always counting photons per detector, 
time, energy (electronic read-out channel), or other entities, as a function of its in- 
trinsic coordinates given as zenith and azimuth angle. The instrument’s geometrical 
detecting area Ageom 1s therefore reduced to an effective area Aeg which depends not 
only on the incident photon energy Ejnc, time T, zenith and azimuth angle (Z,A) of 
the source, but also on the entire structure of the instrument, environmental condi- 
tions (temperatures, voltages, etc.), and on the satellite mountings and orbit. Even 
for the simplest of all instrument designs, collimators (Sec. 4.1), it holds true that 


Aett(Einc,Z,A,T,...) < Ageom- (5) 


For example, the geometrical detecting area of INTEGRAL/SPI’s 19 Ge detectors 
is 508cm? while the maximum effective area for Z = 0° is 125 and 65cm? for 0.1 
and 1.0 MeV, respectively [44, 80, 81]. 

In what follows, different instrument designs, i.e. different aspects of modulation 
in various data spaces, are outlined briefly. The reader is referred to the subsequent 
Chapters in which each of the y-ray telescopes apertures are explained in more de- 
tail. 


4.1 General Considerations: A Gamma-Ray Collimator 


The basic modulation categories are summarised into temporal, spatial, energetic, 
and other apertures, as well as combinations thereof. As described earlier in this 
Chapter, the history of low-energy y-ray detectors started with collimators which 
should be considered a temporal and spatial modulator by the classification above. 
They are described as the basic principle from which other designs can be derived 
in the following. 

Collimator apertures are designed as large, often cylindrical, tubes with a detector 
unit (the camera) at the base of the tube (Fig. 19, left). The tube itself shields photons 
and particles from the side and the back, most of the time being itself an active y-ray 
detector to veto those unwanted events. In this way the central camera only observes 
in the zenith direction with a field of view given by the measurements of the tube. As 
an example, if we take a cylindrical camera with diameter d, placed in a collimating 
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tube with height h, the field of view, defined by the opening angle @ of the aperture, 
would be given by 
o = 2arctan(d/h). (6) 


If material opacities are ignored for the moment, the angular response of the colli- 
mator with one detector unit as the camera can be expressed analytically for a plane- 
parallel beam of light as Ae(Z,A) = Ageom (O(Z+ a/2) —O(Z—a/2)), where 
@(x) is the Heaviside step function and Z and A are the zenith and azimuth an- 
gle, respectively. This means that if the source is inside the field of view, the camera 
can detect all of the emitted photons, while it sees zero counts when the source’s 
aspect angle is greater than half the opening angle. Departing from this ideal view, 
for example if the central camera consists of more than one detector and is therefore 
pixellated, the rise of a source with respect to the camera (decreasing zenith) now 
leads to a gradual increase of the effective area until the source is directly above the 
camera. For small fields of view, this results in an effective area of approximately 


Aett(Z,A) = Seo (arccos(T) — sin(2 arccos(T))), where t = tan(Z) / tan(a@/2). This 
is strongly simplified and only serves as a means to describe the zenith-dependence 
of a collimator-type instrument. 
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Fig. 19 Sketches for collimator and coded mask telescopes. Left: A collimator is built from an 
active detector that is surrounded by passive or active material to block photons and particles from 
the side. Only photons within the field of view, defined by the opening angle, a, are recorded. 
Right: A coded mask telescope adds opaque and transparent mask elements at the opening of the 
collimator tube. If the active detector is pixellated, this encodes incoming y-ray photons spatially, 
and their origin can be inferred. 


These ideal treatments are erroneous once a real instrument is considered: The 
field of view is not a sharply defined region as described above, but depends on 
energy. The higher the photon energy, the higher the probability that the photon 
is not absorbed by the collimating material so that it may be detected even from 
‘outside’ the field of view. If the instrument is not perfectly cylindrical, for exam- 
ple if it is hexagonal or octogonal, the effective area gains an azimuth dependence. 
Finally, and probably most importantly for the analysis of y-ray data, the incident 
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photon energy Ejnc is not necessarily the measured photon energy Emeas: Because 
of Compton scattering, escape peaks, and instrumental spectral resolution, the mea- 
sured photon energy is related to the incident photon energy only by a known but 
non-invertible redistribution matrix (Sec. 4.8). This means that a measured spectrum 
is never representative of the source spectrum so that the latter must be inferred 
by forward modelling. The forward modelling then requires complete knowledge 
of the instrument, which is condensed in the response, often separated into an ef- 
fective area contribution plus an energy redistribution, and which assumes a certain 
source model. The responses of y-ray telescopes are typically determined by particle 
physics simulations using GEANT (Sec. 4.9), which are then validated by calibra- 
tion measurements on Earth using either radioactive sources or particle accelerator 
beams (Sec. 4.10). The source model can be versatile but requires the basic param- 
eters of the object of interest, such as position, spatial extent, spectral shape, and 
temporal behaviour. If the spectrum of a point source is being analysed, the first 
two properties are typically fixed to known values. With more elaborate techniques, 
however, all unknown parameters of the observed target can be inferred in a single 
inference step. 

Different collimators have already been flown on balloon experiments between 
the 1960’s and 1990’s. The most successful collimator aperture was OSSE on CGRO 
[82]. It consisted of four independent, single-axis orientable, and actively shielded 
Nal(T1)-CsI(Na) detectors, each surrounded by a tungsten shield. The fields of view 
of the detectors were 3.8° x 11.0° and sensitive in the 0.05—10 MeV photon range. 
Due to its four independent units, OSSE could measure the instrumental background 
by simultaneously pointing away from and at the source of interest. This has the ad- 
vantage that only the instruments themselves are moved and not the entire satellite. 
This technique was then further used to perform the first temporal and spatial mod- 
ulated measurement which led to the first image reconstruction ever of the Galactic 
diffuse 511 keV emission [83, |2]. Because the rise into and away from the fields of 
view of the four detectors changes uniquely with time over several years, an image 
could be reconstructed by singular value decomposition. It was shown for the first 
time that the 511 keV emission from the centre of the Galaxy was not point-like and 
variable, but extended and constant. 


4.2 Temporal and Spatial Modulation Apertures, Geometry Optics: 
Coded Mask Telescopes 


Collimators have no spatial, i.e. angular, resolution. The camera is pointed at a 
source to detect photons, and is then moved away so that a background estimate 
can be provided. This is the simplest form of a temporal (or spatial) modulation: 
on-off observations. However, if more than one source is in the field of view, they 
might be difficult to analyse separately, especially if the field of view is large. The 
apertures are therefore changed to include more information. 
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One way to improve the angular resolution is to place a mask on the top of the 
collimator’s shielding tube which encodes the incoming light beam to cast shadows 
onto the detecting area, so-called ‘shadowgrams’. The first mentioning of coding 
y-tays appears in Mertz & Yound (1962, [84]) in the context of Fresnel transfor- 
mations of images. This mask consists of opaque and transparent elements so that 
a fraction of the incoming light is blocked and only certain parts of the camera are 
illuminated. Much finer variations in the aspect angle change between source and 
telescope can be recorded with such a coded mask. The improvement in angular 
resolution then depends on the mask element size m, the size of the detector pixels 
d, and the separation between mask and camera /. In order to separate shadowgrams 
from different source positions inside the field of view, the detector plane must there- 
fore be pixelated. For technical reasons, the detector size is adjusted to the science 
case and in particular the photon energy. While in the MeV range this means that 
one detector (one ‘pixel’) is several cm in size, which ultimately limits the angular 
resolution, the pixels can be much smaller (few mm) in the case of 100 keV detec- 
tors. This originates from the attenuation lengths required to stop a 1 MeV photon 
(e.g. in tungsten u~! ~ 1.6cm) compared to a 100 keV photon (u~! ~ 250m). 
The mask elements should be as small as possible for the angular resolution to be 
maximised. However, the sensitivity of the instrument suffers when the mask ele- 
ment size is smaller then the detector size. The angular resolution of a coded mask 
telescope is approximately given by 


50 = \/ (m/l) + (a/1), (7) 


and the positioning accuracy by da = (S/N)~'6@ with S/N being the signal-to- 
noise ratio of the source given a suitable background estimate. This means that the 
localisation of a coded mask telescope naturally supersedes its angular resolution 
when the source is strong. The optimal trade-off between angular resolution, locali- 
sation accuracy, and sensitivity is provided when m = d [85]. 

In order to remove ambiguities in the mask patterns that can emerge if a cer- 
tain degree of symmetry is involved in the instrument design, targeting coded mask 
telescopes follow a particular observing strategy. Given the angular resolution and 
specific geometry of the instrument (symmetries, field of view), an observation pat- 
tern can be performed instead of staring at the source of interest for a long time. 
For example, INTEGRAL performs a rectangular 5 x 5-pattern around the source 
of interest, called dithering, to optimally sample the different shadowgrams of the 
mask onto the camera. This can also provide a measure of the unknown instrumental 
background during this observation because the shadowgrams of the sources inside 
the field of view smear out over longer periods of time [86]. 

Present and past coded-mask telescopes are ISGRI (0.03-0.4 MeV, [87]) and 
SPI (0.02—8 MeV, [44]) on board INTEGRAL, Swift-BAT (0.015-0.15 MeV, [88]), 
the CZT Imager onboard Astrosat (0.01—0.15 MeV), the All Sky Monitor (ASM) 
onboard RXTE (0.002-0.012 MeV), and the wide field camera (WFC) onboard 
BeppoSAX (0.002—0.030 MeV). Details about coded-mask telescopes are provided 
in the respective Chapter of this book. 
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Another possibility to remedy the need for spatial variation can be achieved if 
parts of the instrument itself are movable. With several sub-collimators, which had 
been realised in the RHESS/ imaging system [89, 90], for example, an arcsec an- 
gular resolution had been achieved in y-ray observations of the Sun. In the case of 
RHESSI, a pair of separated but parallel grids (opaque slats and transparent slit-like 
elements) inside each of its nine collimator tubes is rotated with respect to the de- 
tector plane at 15 revolutions per minute. This leads to the effect that a change in 
aspect angle produces a modulation of the transmission of the grid pair in time. The 
rotating shadow of the slats in the top grid then falls on the slits or slats of the read 
grid which results in a time-modulated transmission from zero to 50 % and back. 

Similar techniques have been applied for solar flare observations onboard the 
Hinotori mission with its rotating modulation collimator (RMC, 0.02—0.04 MeV; 
[91]), HXT onboard Yohkoh (0.02—0.1 MeV; [92]), and the balloon-borne HEIDI 
(High Energy Imaging Device; [93]) solar telescope with two RMCs. A currently 
active temporal modulation telescopes is Insight-HXMT (0.02-0.25 MeV; [94]). 


4.3 Quantum Optics in the MeV: Compton Telescopes 


In the 1920’s, A. H. Compton introduced the classical concept of elastic scattering 
for the interaction of photons with matter. He showed that, in the energy range from 
~ 100keV to ~ 10 MeV, this scattering takes place between the incoming photon 
and an atomic electron. This results in an energised recoil electron and a deflected 
photon of reduced energy: in order to characterise the interaction, both secondary 
components must be measured. 

Elastic scattering conserves energy and momentum Eo = Egca+Ee, po = 
Pscat + Pe , Where |po| = AVo/c , |Pscat| = AVscat/c, and |pe| = mevy with y= 
1/./1 — B2 with B =v/c, which leads to the so called ‘Compton equation’: 


h 
Ascat — Ag = ——(1 —cos ¢) (8) 
MeC 


where h, me, and c are Planck’s constant, the electron rest mass, and the speed of 
light, respectively. The fraction h/mec = 2.426 x 10~'* mis often called the Comp- 
ton wavelength, which is the wavelength shift for a 90° scattering. It is important to 
note that, in a Compton scattering interaction, the incident photon can never lose all 
of its energy even if it is completely backscattered. 

Since, in this energy range, the photon energy is much higher than the binding en- 
ergy of atomic electrons, the target electrons are taken to be free and non-interacting. 
This is a good approximation at these energies. For low-energy photons interacting 
with inner-shell atomic electrons however, ‘Doppler broadening’ of the angular re- 
sponse occurs [95]. The total cross section (or absorption coefficient) of Compton 
scattering in any target material depends directly on the electron density, and there- 
fore on the nuclear charge, Z, of the detector material (Sec. 1.3). 
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Equation (8) can be solved for @ and the wavelengths converted to energy, 


1 1 
= 1 : 
 =arccos | MeC ( Ene z)| ; (9) 


where the energy of the scattered photon is 


Fo 


Escat = AVscat = ; (10) 
scat scat 1 r (1 =a 0) 
and the kinetic energy of the recoil electron is 
Eo(1—cos@) 
Ke = Eo — Escat = (11) 


mc? + Eg(1—cos@) 


K. can also be expressed in terms of the angle © between the incident pho- 
ton and the direction of the recoil electron, making use of the relation cot(@) = 
(1+ a) tan(@/2) where a = Ey/m,c?, such that 


2Eyacos” © 
Ke= . 12 
* (1+ a)? — a2cos?@ = 


Equations (8)—(12) are directly based on the kinematics of the elastic Compton scat- 
tering process and are the basis for various realisations of Compton telescopes. In 


Fig. 20 Compton telescope designs. Left: Classic two-layer Compton telescope. Photons scatter 
in the upper detector layer 1 via Compton scattering and are absorbed in the lower detector layer 
2. Given the Compton scattering Eq. (8), each photon can be associated with a circle in the sky that 
forms a cone with the interaction point in the upper layer. The opening angle of this cone is given by 
the Compton scattering angle @. Individual astrophysical sources can be identified by intersections 
of rings (orange photons). The time-of-flight (TOF) between the two layers is indicated with its 
minimal value (perpendicular path between layers) and maximal value (define by the opposite 
edges of the layers). Right: Instead of two layers, a position sensitive detector, for example made 
of several detector strips or with gas, allows the photons potentially to scatter more often (zig-zag 
paths), always according to Compton scattering. The first interaction inside the detector volume 
again defines the Compton scattering angle. Three or more scatters help to identify the photon 
origins more clearly. In the case of the yellow photon on the right, only photo-absorption occurs, 
so that no Compton event reconstruction is possible. 
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the ‘classical’ two separated detector design (e.g., COMPTEL; Fig. 20, left) a scat- 
tering detector D1 and an absorbing detector D2 trigger on a time-of-flight delayed 
coincidence signal and measure the positions and energy deposits of the two inter- 
actions. The positions indicate the path of the scattered photon between D1 and D2. 
Assuming the primary photon’s energy is the sum of both energy deposits (i.e. no 
undetected energy leakage occurred), the scattering angle is given by Eq. (9). The 
direction of the incident photon will then be somewhere on a cone around the scat- 
tered photon trajectory. If many photons from a distant point source are registered 
their individual “event cones’ all intersect at the direction to this source. 

For compact Compton telescopes (Fig. 20, right), the basic principle is the same, 
however instead of two interaction layers, a position sensitive detector volume is 
used. This decreases the size of the telescope because no time-of-flight information 
is used and instead event reconstruction techniques are applied to identify the pos- 
sible paths of scattering y-rays inside the instrument. If the pixelation and threshold 
sensitivity allows recording the track of a Compton recoil electron, its initial direc- 
tion (before Moliére scattering disturbs it) can be used to reduce the event circle to 
an arc-length. This can improve the overall sensitivity considerably. 

The distribution of closest offsets between the event-cones and the true source 
direction is called the angular-resolution-measure (ARM). The width and ‘lopsid- 
edness’ of the ARM distribution is caused by uncertainties in the position and energy 
measurements and by possible energy leakage from the system. 


4.4 Quantum Optics for Higher Energies: Pair Tracking 
Telescopes 


The measurement of the energy of a y-ray in the pair-production regime is done by 
measuring the secondary products: electrons, positrons, and recoils on the target nu- 
cleus or electron. The latter recoils are not easily measurable, but they are of minor 
importance for higher y-ray energies. The energies of the pair particles can be char- 
acterised by their scattering behaviour (Moliére scattering for low-energy electrons) 
or they can be totally absorbed in a deep calorimeter, where the initiated shower at 
high energies gives additional information for the total energy. Thus, to first order in 
most cases, the energy of the y-ray is calculated by summing the energy deposited 
in each of the crystals of the calorimeter in the case of the calorimeter on LAT or 
AGILE or by means of the pulse-height analyzers (PHAs) for the Total Absorption 
Shower Counter (TASC) Nal(T1) calorimeter on EGRET. Of course, some fraction 
of the energy of the incident y-ray will have been deposited elsewhere in the detec- 
tor prior to the shower’s arrival in the calorimeter. So, this energy must be estimated 
and added on to that deposited in the calorimeter. The tracking information deduced 
from the tracker and the shower’s position or trajectory into the calorimeter can be 
used to estimate its path through the detector and, combined with the energy mea- 
sured in the calorimeter, can be used to estimate the energy deposited elsewhere in 
the detector (Fig. 21). 
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Fig. 21 Pair-tracking telescope design. Incoming high-energy photons are converted into electron- 
positron pairs in passive material. With position sensitive detectors, the electrons and positrons 
are tracked until they deposit all their energy in a calorimeter. The tracks and final energy deposit 
are used to determine the total energy and direction of the incoming photons. In contrast to MeV 
telescopes, the background is predominantly from CRs, so that the anticoincidence system behaves 
like a shield above the tracker and calorimeter. 


The 3D passage of the electrons and positrons until they reach the calorimeter 
is reconstructed using a track finding algorithm. For Fermi-LAT, for example, the 
algorithm starts by generating a track hypothesis, i.e. a proposed trajectory made of 
locations and directions, that is accepted or rejected given the detector signals [96]. 
One possibility to fit these tracks and therefore to identify origin of the initial photon 
on the celestial sphere is by pattern recognition: The algorithm starts by assuming 
an (x,y)-position in the top layer, which is compared to a subsequent hit as well as 
the energy deposited in the calorimeter. If these positions are close in the multidi- 
mensional dataspace, a candidate track is created by Kalman fitting. This process 
is repeated into the next layers, always taking into account the covariance matrices 
of the previous steps, until an adequate figure-of-merit is found. This ensures the 
correct propagation of uncertainties when scattering in different materials. In the 
Calorimeter-Seeded Pattern Recognition for Fermi-LAT, this process provides a 77 
goodness-of-fit criterion for the Kalman fit, the number of hits in the tracker and the 
number of gaps (layers not hit or unrecognised). A quality parameter is derived from 
a combination of these values, sequencing the possible candidate tracks from ‘best’ 
to ‘worst’. In addition, the fitted values also return an error ellipse to each photon’s 
position in the sky. 

For the higher-energy y-rays, the shower will not be completely absorbed by the 
calorimeter so this missing energy must also be estimated. For low-energy y-rays 
a significant fraction of their energy can be deposited in the tracker. In these cases 
the tracker is considered to be a sampling calorimeter [46] and, in the case of the 
LAT, the number of silicon strips that had hits in them is used to estimate the energy 
deposited therein. In the case of EGRET, by the time the shower induced by a low- 
energy y-ray reached the TASC, there may not have been sufficient energy deposit 
to trigger one or both of the PHAs [45]. These events were assigned a different class 
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and the energy was estimated by an alternative means. Another case in which the 
calorimeter cannot be used to estimate the energy of the incident y-ray is when the 
direction is such that the shower misses the calorimeter. In these cases, again, the 
energy deposited in the tracker can be used to provide an estimate of the energy 
albeit one with a larger uncertainty. In all cases, energy loss due to leakage must be 
taken into account. This leakage can occur out the sides and back of the calorimeter, 
in the various materials that comprise the detector volume and, in the case of LAT 
and AGILE, between the internal gaps in the calorimeter modules. 


4.5 Scattering Information: Gamma-Ray Polarimeters 


All basic interactions of light with matter from Sec. 1.3 are intrinsically sensitive to 
the polarisation properties of the photons. In the case of longer wavelengths, filters 
can be used to distinguish between different polarisation angles 7 and the polari- 
sation degree IT. In the case of hard X-rays to high-energy, GeV photons, such fil- 
ters are impossible to construct so that the polarisation parameters of astrophysical 
sources are inferred from the distribution of secondary particles in the instruments. 
The differential cross sections for photoelectric effect, Compton scattering, and pair 
production show an asymmetry with respect to the incoming photon’s polarisation 
angle, whose amplitude is proportional to the polarisation degree (also called polar- 
isation amplitude). This asymmetry can be measured if position sensitive detectors 
for photons and resulting particles are employed. It is important to note that the 
total cross sections for the three main interactions are unchanged by photon polar- 
isation, and that with these techniques, only linear polarisation can be measured. 
Conceptually, the polarisation degree can be defined as the maximum variation in 
the azimuthal scattering probability [97, 98] as 
do, —do| 


TI = — 


13 
do, +do\’ = 


which is to be compared to the actual possible modulation capabilities of the in- 
struments. In Eq.(13), do, and doj are the scattering cross sections for photons 
perpendicular and parallel to the emission plane. 

Photoelectric absorption produces an electron whose angular distribution de- 
pends on the polarisation of the incident photon. In the classical sense, the electrons 
accelerate in the direction of the electric field of the incident photon. However, the 
exact distribution of photoelectrons also depends on the microscopic properties of 
the absorbing material, for example the electronic band structure in solids, which 
makes an exact derivation of the differential cross section as a function of polarisa- 
tion angle cumbersome. In the Born approximation [99, 100, 101, 102], the differ- 
ential cross section can be expressed as 
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1/2 
dopr(Ey,1) = oes (7) 4,/2sin? 0 cos? n (14) 
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where Ey is the total energy of incoming photon, r, is the classical electron radius, 
Z the material’s charge number, and @ the fine-structure constant. 

The initial derivation of the Compton scattering cross section already included 
the polarisation angle of incident photons [103], 


2 ! 
— =57 (+7) Fe 7 2sin? @cos* 7 | , (15) 


with A/A’ = (1+ (Ey/(m-c?))(1 —cos @))~!. In this case, the scattered photon ob- 
tains a preferred direction with respect to the incident polarisation angle. 

The differential cross sections for pair production with polarised photons have 
been calculated and studied in [e.g., 104, 105, 106, 107], among others, for nu- 
merous cases including form factors, partial screening of the nucleus charge, pair 
creation in the electron field, among others. The equations resulting from these 
calculations are too long to be useful in this summary, however they all have one 
factor in common: they depend on the polarisation angle 1 as dopp(Ey,1)/dQ « 
A(1 +Bcos*17). The factor cos? 7 appears in all the differential cross sections for 
the basic interactions of polarised light with matter. Making use of the resulting az- 
imuthal distributions of either scattered photons (Compton scattering) or produced 
particles (photoelectrons, pairs) will infer the polarisation of the incoming photons. 

Dedicated instruments that use these techniques are, for example, [IXPE [108] in 
the photon range 2—8 keV (photoelectric effect), and POLAR in the energy range 
50-500 keV (Compton scattering; [109]). Other instruments can measure polarisa- 
tion of low- and high-energy y-rays, however have not been initially designed for 
this task. These include INTEGRAL/SPI [e.g., 110, 111] by scatterings between its 
detectors, CGRO-COMPTEL [e.g., | 12], the COSI balloon [1 13], all in the photon 
range 0.1—-10 MeV, and Fermi-LAT [e.g., 114]. 


4.6 Other Apertures: Combinations and Wave Optics 


There are more y-ray telescope concepts, some of which have, to date, never flown, 
and some of which are not feasible technically without major advances in space 
flight, for example. In the following, an overview of other such apertures is given. 


4.6.1 Coded-Mask Compton Telescopes 
Using the angular resolution from coded mask telescopes, Eq. (7), it is clear that the 


separation between the detector and the mask impacts the resolution as 60 « /~!. 
Therefore, increasing the collimator tube (anti-coincidence shield) length will result 
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in better angular resolution, however this comes with the problem of enhanced mass, 
and consequently higher background and narrower field of view. One possibility 
to alleviate this problem is to use a combination of a coded aperture mask with a 
Compton telescope: In this way, the anti-coincidence shield does not necessarily 
need to fill the gap between the detectors and the mask, but only needs to cover 
the position sensitive detectors. Thus, there are two fields of views, one covering 
a small region from the mask to the detector, and one defined by the veto shield 
that surrounds the detectors. A deployable mast (see also Sec. 4.6.2) could place 
the mask several tens of meters above the camera, which narrows the field of view 
to a « 2/~!, while at the same time improving the angular resolution by a similar 
factor © «/—!. The Compton telescope part can then be used to only select photons 
that passed through the mask which results in considerable background rejection in 
addition to the veto shield. 

The imager IBIS aboard INTEGRAL is composed of two layers below a coding 
aperture, ISGRI and PICsiT [115]. This may be considered a coded-mask Compton 
telescope, however it only works up to + 3 MeV because the mask becomes too 
transparent at higher energies. The separation between mask and camera is 3.2m 
and the Compton telescope layers are 9 cm apart, however everything is still shielded 
by the IBIS Veto system. This results in an angular resolution of 12 arcmin within 
a field of view of 9°. A proposed instrument that would extend these capabilities 
is GECCO, the Galactic Explorer with a Coded aperture mask Compton telescope 
[116]. GECCO’s mask-detector separation would be about 20m, resulting in a 4° 
field of view with an angular resolution of 1 arcmin. The pixellated camera would 
be made of CZT, resulting in a spectral resolution of ~ 1 %. 


4.6.2 Reflective Optics for Gamma-Rays 


X- and y-rays that approach any material perpendicular to its surface will either 
be absorbed, undergo Compton scattering, or produce pairs, so that refraction of 
high-energy photons onto a focal plane — the typical case for optical photons — is 
difficult. The refractive index for most materials in X- and y-ray is close to 1.0 (or 
smaller) so that refractive optics (classical lenses) cannot be used for high-energy 
photons (see, however, Sec. 4.6.3). Therefore, the only way to ‘focus’ high-energy 
photons is to use grazing incident optics that rely on reflection off mirrors in an 
X-ray Wolter-type telescope [117, 118], for example. For incident angles smaller 
than some critical value that depends on the photon energy and refraction index of 
the material, the photons undergo total reflection and thereby avoid photoelectric 
absorption. In general, the critical angle is proportional to ,/p /Ey, where p is the 
density of the material. Thus, for a fixed incidence angle, photons can only be totally 
reflected up to a cutoff energy that is related to the K-edge of the reflecting material. 
For photons above 10 keV, the critical angles approach values that are too small to 
be used in Wolter telescopes unless the reflective coatings are very thin or the focal 
length very long: For example, platinum at an incidence angle of 0.07° shows a 
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reflectivity of more than 90 % up to 68 keV, and sharply drops below 20 % at higher 
energies. 
Wolter telescopes have an effective area that is approximately 


Aesi(Ey) © 8 fLO°R* (Ey), (16) 


where f is the instrument’s focal length, L is the mirror length, 0 is the incidence 
angle, and R(Ey) is the reflectivity as a function of photon energy Fy [119]. Clearly, 
for the highest possible effective area, the focal length should be maximised as the 
material parameters R(E) and L are naturally limited. 

One instrument in which this focal length maximisation, together with Pt/C mul- 
tilayer coatings to effectively reflect photons below the Pt K-absorption edge at 
78.4 keV, is employed is NuSTAR [120]. NuSTAR is the first focusing hard X-ray 
telescope ever launched into orbit. It employs 133 nested grazing-incidence shells 
in a conical approximation to a Wolter telescope to focus photons onto a focal plane 
made of a pixellated CZT detector. NuSTAR’s focal length of 10 m is achieved by a 
deployable mast that was extended after the satellite was launched into its orbit 

Because reflective optics are ultimately limited by Eq. (16), i.e. focusing higher 
photon energies would require smaller incidence angles (« 07) and a much larger 
focal lengths (« f) to accommodate a large effective area, these types of apertures 
are probably not suited beyond photon energies of ~ 200 keV. A proposed instru- 
ment that is based on reflective optics is PheniX [121], which would have a focal 
length of 40 m, also obtained by an extendable mast. 


4.6.3 Diffractive Optics 


Beyond total reflection, there are the possibilities for refraction and diffraction of y- 
ray photons. Yang (1993, [122]) discussed refractive optics for photon energies up 
to 1 MeV, however found that absorption and scattering severely limits the ability to 
form an efficient telescope with large effective area. Therefore, only diffraction per- 
mits improvement upon the classic non-focusing y-ray instruments. In general, the 
diffraction limit defines the spatial resolution sg = 1.224 f/d, with f being the focal 
length, A the photon wavelength, and d lens diameter, and provides the fundamen- 
tal limit to the achievable angular resolution, 0, = sqa/f. Thus, for photon energies 
around | MeV (A = 1.24pm), the angular resolution approaches microarcseconds 
(u”). This is possible by the use of Phase Fresnel Lenses [123] in which concentric 
rings of precisely placed crystals diffract the high-energy photons onto a detector at 
the focal point. The distance of the focal point where the y-ray detector is placed, 
however, is related to the lens diameter d, the photon energy E, and the pitch size of 
the Fresnel lens p by 


= 6( P d E 
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which makes the realisation of a telescope on a single spacecraft almost impossible 
[124]. It should be noted that Fresnel lenses suffer severely from chromatic abber- 
ation, effectively worsening the achievable angular resolution by factors of a few, 
and distorting the received spectrum. 

Nevertheless, concepts to build y-ray-focusing (concentrating) telescopes exist 
and are discussed in this book. An important part of these concepts is the formation 
flight of two or more spacecrafts in sync. Another possibility to achieve a much 
enhanced sensitivity would also to use a deployable boom, such as used in the AS- 
TENA proposal [1 25, 126]. Here, the goal is not to approach the diffraction limit, but 
to construct a design feasible with current technologies. With a 20 m focal length, 
an angular resolution of 30 arcmin could be achieved in the bandpass between 50 
and 600 keV, reaching a continuum sensitivity of more than two orders of magnitude 
better than INTEGRAL/SPI thanks to ASTENA’s effective area of more than 7m? 
[125]. 


4.6.4 Interplanetary Network 


In fact, several spacecrafts are already used in combination in the so-called ‘Inter- 
planetary Network’ [IPN; e.g. 54]. While the spacecrafts are not flying in formation, 
their absolute distances to each other can be used for triangulation of celestial burst- 
like signals, such as GRBs or soft gamma repeaters. In particular the localisation is 
performed by a comparison of the arrival times from the different y-ray instruments 
wherein the precision is given by the distances of the spacecrafts and the absolute 
number of detected photons. The further the instruments are separated, i.e. the larger 
the baseline of potentially several hundred millions of kilometers, the more accurate 
the localisation will be. 

The triangulation technique is explained in [127], for example, and depicted here 
briefly: A transient event is measured with a delay time dT at two different space- 
crafts. Given the separation D of the spacecrafts, the transient is localised onto an 
annulus on the celestial sphere with half-angle © as 


_ oot 


cos(@) ae 


(18) 
with c being the speed of light. The ‘error box’ or width of the annulus is provided 
by the uncertainty of the time delay as 6g = cos7/(Dsin(@)). 

Burgess et al. (2021, [128]) showed that this classical triangulation method has 
weaknesses because the choice of uncertainties may be ill-defined. The authors de- 
veloped a novel method that can robustly estimate the position of a transient via a 
hierarchical Bayesian model. In particular, they forward-fold the unknown temporal 
signal evolution, described by random Fourier features, and fit this model to the time 
series data of each instrument. This takes into account the appropriate Poisson like- 
lihood and consequently the uncertainties generated by the method are more robust 
and in many cases more precise compared to the classical method. 
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The IPN started in 1977; its third version, IPN3, was operating with Ulysses, 
CGRO, Pioneers Venus Orbiter, Mars Observer, and BeppoSAX. Currently, the IPN 
localisations come from Konus-Wind, Mars Odyssey, INTEGRAL, Swift, AGILE, 
BepiColombo, and Fermi. In total, more than 32 spacecrafts have been involved in 
the IPN so far. 


4.7 Gamma-Ray Detectors 


Most y-ray emission processes are continuum-like. Instrumental resolution is, there- 
fore, not too important except for when one wants to do line spectroscopy. Since 
lines only appear up to the MeV range (< 20 MeV), spectral resolution is less of 
an instrument design driving factor above ~ 20 MeV. When choosing the materials 
that compose the target for the incident y-ray signal, a tradeoff between instrumental 
resolution, weight, sensitivity and power is always at play. 

The materials that are used to detect the by products (charged particles) of the 
incident y-ray at these energies broadly comprise two main categories, solid state 
detectors and scintillators. Solid state detectors are discussed in detail in several 
Chapters of this book. They are lightweight, compact and more tolerant to a space 
environment than vacuum or gas-based detectors. In general, they comprise a semi- 
conductor material (such a silicon, germanium or CZT) which is reverse-biased so 
that the electrons and holes can move freely in the so-called depletion region. When 
a charged particle (electron or positron) enters this sensitive area of the crystal, 
ionisation is produced. This signal is then transferred via a charge-sensitive pream- 
plifier where it is converted to a voltage pulse proportional to the strength of the 
ionisation signal. For example, the spectrometer SPI uses an array of 19 high pu- 
rity cooled geranium detectors to perform high-resolution spectral measurements 
between 18 keV and 8 MeV. 

Silicon-strip detectors are used to detect the passage of the electron-positron pairs 
for both the LAT on Fermi [46] and for the GRID on AGILE [74]. Scintillation de- 
tectors comprise a material that produces light when it is traversed by a charged 
particle. The scintillation light is recorded by a photodetector (often a photomulti- 
plier tube or photodiode) so that the passage of the charged particle and, in certain 
cases, its energy can be measured. Scintillator materials can be organic or inorganic 
in nature. Inorganic scintillators, including NaI and BGO, are usually chosen for 
calorimeter systems due to their high density and effective atomic number which 
means that they have a high stopping power. Inorganic scintillators comprise four 
main categories: plastic, glass, single crystal and liquid. Plastic scintillators are those 
most commonly used in y-ray applications due to their light weight, low cost and 
robustness. The light yield from inorganic scintillators is typically higher than those 
from organic scintillators so that it is typically used as a material for veto shields. 
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4.8 Understanding Gamma-Ray Measurements 


The nature of y-ray measurements can be understood as the recording of photons 
into complex data spaces due to the vastly different apertures. These data spaces 
are typically shown in the form of back-projections, such as the shadow pattern of 
coded-mask instruments or the rings from Compton telescopes. In the case of GeV 
instruments, this ‘imaging’ is only weakly influenced by dispersion which is why 
we focus more on the MeV instruments here. Nevertheless, the concepts here apply 
to all dispersed measurements. 
The abstract data spaces of y-ray instruments are spanned by reconstructed or in- 
ferred variables, such as the three scattering angles in Compton telescopes or the 
number of pixels (detectors) in coded mask telescopes. Typically, these data spaces 
are not necessarily the real instrument spaces because they can have considerable 
uncertainties which are often omitted in the subsequent data analysis steps, or be- 
cause data filtering due to quality criteria after reconstruction skewed the true gener- 
ating process: counting photons. The real data space of each instrument goes down 
to the level of its electronics and the specific geometry — a coding mask, shadow pat- 
terns, Compton cones, iterative deconvolutions, polarigrams, scattering angle distri- 
butions, etc., and is always an abstraction of one possible way to visualise the raw 
data. In the reconstructed variables or data spaces, data analysis should be treated 
with care because there are often (hidden) assumptions which destroy the character 
of the measurement, change its likelihood, or are ill-defined because the instruments 
suffer from dispersion. 

Instead, the method of forward-folding should be used to convolve models with 
physical units into the raw data space of channel number per detector unit. Forward 
modelling is the only statistically proper way to analyse y-ray data d, which, without 
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Fig. 22 General MeV y-ray measurement features as observed in detectors. A beam of photons 
with energies Ey create a photo-peak at this energy. Compton scattering inside the detector leads 
to a characteristic continuum below the photo-peak. If the incoming photon energy is greater than 
2m,c? = 1.022 MeV, single and double escape peaks can emerge. 
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loss of generality, can be described as matrix equation 
d=R-m, (19) 


with R being the response matrix, and m an (unknown) model that is to be inferred. 
Except for approximate cases (for example mask coding with fully transparent and 
opaque elements), R is not invertible which means that a solution shaped like m = 
R7!d does not exist. The model m is not measured, only the data d are which means 
in turn that m must be assumed, i.e. modelled to explain the data. This is done by 
parametrising the model with a set of variables, so-called fit-parameters @ so that 
the model becomes a function of unknown parameters: m(@). 

The model includes everything that is required to describe the astrophysical 
source of interest. This means it includes a spectral shape, temporal variability, spa- 
tial extent, and polarisation parameters, among others. These properties can be in- 
terdependent, which can be incorporated in the response function R (Fig. 23). The 
response is described in units of cm? and is equivalent to the effective area, i.e. 
it changes as a function of zenith, azimuth, initial energy, polarisation angle, and 
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Fig. 23 Visualisation of MeV telescope responses. Left: Back-projection of the SPI coded-mask 
response see from its central detector (unit 00) at an energy of 66keV. The same mask pattern 
is visible for an outer detector (second image; unit 12; which is equivalent to shifting the source 
position) at an energy of 5 MeV, however the edges are not as sharp because the transparency 
of the material increases with photon energy. The inner edge of SPI’s anti-coincidence shield is 
visible (hexagonal shape outside the central ring). Right: Back-projection of Compton circles from 
the COSI balloon response. Shown are 20 Compton circles at an energy of 511 keV, overlapping 
at the source position. An iterative deconvolution algorithm (fourth image) is applied to reduce 
improbable regions so that a point source emerges. 
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Fig. 24 Energy dispersion of different y-ray detectors in units of cm*. Given a photon with true 
(initial) energy E;, there is a probability that the photon is measured at a lower (final) energy E;. 
The diagonal represents the photopeak efficiency. Left: Nal detector onboard GBM. Middle: BGO 
detector from GBM. Right: SPI germanium detector. The scale of the colour bar is enhanced by 
two orders of magnitude for SPI to indicate the features away from the diagonal. 
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Fig. 25 Forward folding of spectral models into the count data space of different detectors. Top: 
Selection of five spectral models. A broken power-law representing the Crab spectrum [129], a 
Band function [71] with 10% of the Crab flux, ~ = —1.5, B = —3.0, and Epeak = 1.5 MeV, a 
cutoff power-law with 10 times the Crab flux, @ = —3.0, Ec = 100 keV, a Positronium (ortho+para, 
[130]) spectrum with a line flux of 6 x 10-> phem~*s~!, and a 100 keV broadened !?C line with 
the same line flux. Bottom: The models convolved with the energy responses from Fig. 24 for BGO 
(left), Nal (middle), and Ge (right). The resolution of the detectors is increasing from left to right. 
It is apparent that different spectral models (e.g., the broken power-law and the Band function) 
can appear very similar in the data space. Likewise, components above the maximum considered 
energy of the instrument contribute to the counts at lower energies because of dispersion. 


instrumental environment parameters (temperature, voltage, etc.). Typical features 
visible in spectral dispersion matrices are the Compton edges (at measured energies 
Ep = Ex(1—(1+2E;/(m,c*))~'), approaching E; — 0.25 MeV for large E;, Comp- 
ton continuum (single and multiple scatters), first and second escape peaks (Fig. 22), 
and the emergence of a 511 keV line for initial energies above 1.022 MeV. 

Conceptually, the data are generated by assuming the position of a source (in as- 
tronomical coordinates) which converts to instrument coordinates (zenith/azimuth) 
for which an instrumental response is created. A differential spectrum (in physical 
units, for example, phcm~*s~!keV~!) is integrated over the energy range to ob- 
tain the expected flux per response element (—> phcm~7s~!), to which the response 
function is applied, resulting in an expected rate per data space bin (— cntss~!). 
Note the change of notation here from physical photons to received number of 
counts after the application of the response. Given the exposure time, the model 
counts per data space bin i (— cnts) can be compared to the data via the Poisson 
likelihood 
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m; 4i exp(—m; 
c(alm()) =T] i(®) a i(@)) (20) 


U 


Finally, the once smooth (infinitesimal) model is transferred into the (possibly) 
binned data space. Examples of how such a convolution appears are shown in 
Fig. 25. Here, the same five models are folded through the responses of one of Nal 
and BGO detectors on GMB, and through the response of the central detector of 
SPI. Depending on the orientation of the detector with respect to the source in the 
sky (assumed to be identical here), the response changes (Fig. 24) as the incoming 
photons are dispersed in different ways in the same detector. It is also seen that dif- 
ferent spectral resolutions impact the identification capabilities of different features 
— for example lines can be seen more clearly with higher resolution. However also 
high-resolution germanium detectors suffer from dispersion, distributing more than 
50 % of photons with an initial energy of 4.4 MeV to lower energies. 


4.9 Simulations 


The above-described response functions, and therefore the entire data analysis and 
scientific output, rely heavily on simulations. In this Handbook, an entire chapter is 
dedicated to the procedures, requirements, and details of particle and photon sim- 
ulations. This also includes details about electronics simulations, detector effects, 
and methods to handle these in real measurements. Here, a short overview of the 
basic features and general idea is given to understand the need for simulations as 
well as a few examples and caveats. 

Before instrument prototypes are built, they are often simulated in the Geome- 
try and Tracking (GEANT, [e.g., 131]) environment. In GEANT, active and passive 
volume elements are arranged as similarly as possible to the real geometry of the 
instrument, and irradiated with particles and photons through a Monte Carlo tech- 
nique. This allows the instrument designer to 1) estimate the performance of the 
instrument, 2) adjust the geometry and mountings before building the prototype, 3) 
choose appropriate materials, and 4) determine the response functions of the instru- 
ment. Because GEANT includes the most-complete database of cross sections and 
interactions of many particles, both the instrumental background and the sources of 
interest can be simulated. Using appropriate statistics, the sensitivity of the instru- 
ment can be estimated for different cases, for example as a function of time, energy, 
spectral shape, and aspect angle. Including the anti-coincidence shield in addition to 
the active detector(s) in the simulation will provide an estimate of the background 
reduction. Finally, for the full response as a function of initial energy, zenith, az- 
imuth, and other environmental parameters, the satellite (or balloon) structure must 
also be included. The more detailed the geometrical mass model of the instrument, 
the better the scientific output in the end. 

The more sophisticated the mass model is, however, the longer the simulations 
will run. In addition, the computational resources to perform the simulations might 
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also be limited. For example, the SPI response simulations [80] were performed for 
only 51 individual energies for the more than two decade spanning energy range. 
This was required because a full, highly resolved energy response, would have taken 
years to simulate. With the ground calibration [81] (Sec. 4.10), the simulations were 
validated so that a full response could be constructed by interpolation. Although 
SPI has an energy resolution of < 0.2 %, finely resolving y-ray lines, the details of 
the spectral response are only inserted after the interpolation step. Another newer 
example is the Compton telescope response of COSI [132]: For a single energy bin, 
here the 511 keV line, it took about one million CPU hours to obtain enough statis- 
tics for the Compton Data Space to be populated. Even though the response matrix 
in Compton telescopes is sparse, many photons are required to avoid unphysical 
jumps in the response. Interpolations in the response functions from simulations are 
generally unavoidable. Typically the assumption is made that the response functions 
present no jumps in different instrument dimensions. While this assumption is true 
to first order, instruments are typically not perfect: they have edges, are asymmetric, 
and placed in the unpredictable space environment. 

Finally, as mentioned above, simulations are iterated with calibration measure- 
ments (Sec. 4.10). This means that once the simulations are performed and a pro- 
totype or flight model of the instrument is built, the calibration shows how far off 
the expectations are from reality. This offset in different dimensions can be used to 
adjust the simulations for a better response function. 

Another problem for y-ray instruments is that the space environment, which pro- 
duces most of the primary and secondary instrumental background radiation, is chal- 
lenging to predict using simulations. While a multitude of instruments in space have 
measured the CR background, for example, it can hardly be predicted on the time 
scale of minutes to hours, important for long-term observations of diffuse emission. 
In the case of background simulations for SPI, the shape of the spectrum was rather 
well determined with many instrumental lines, but the absolute amplitude in INTE- 
GRAL’s high eccentricity and high inclination orbit was missed by a factor of three 
[133]. However, these simulations were performed with an older version of GEANT 
(v3, now V4 with several updated cross sections and reactions) so that more than two 
decades have passed, and the prospects to provide a stand-alone background model 
for low-energy y-rays should be investigated again. 


4.10 Calibrations 


Calibration measurements on Earth are performed to adjust the expectations from 
simulations to reality. While the goal is identical for all instruments described in this 
Chapter, a separation between MeV and GeV telescopes, as well as y-ray polarime- 
ters is useful here because the calibration techniques differ in detail. In general, as 
many zenith and azimuth angles and photon energies as possible are tested to pro- 
vide a broad basis to scale and correct the simulated responses. In practice, only a 
small set of aspect angles and energies can be tested in a laboratory setting because 
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of available beam time and scheduling. For values for which no calibration mea- 
surement could have been performed, multi-dimensional interpolations are used to 
obtain intermediate values. 

Calibrations in space can also be performed with radioactive sources onboard the 
spacecrafts. If those are not available, so-called ‘standard candles’ could potentially 
be used calibrate the absolute flux of the instrument. Standard candles are astrophys- 
ical sources with known and constant spectra. For example for cosmology, type Ia 
supernovae can be made standardised candles to infer the expansion rate of the Uni- 
verse. In y-ray astronomy, there are no known standard candles: The typically used 
Crab pulsar (and nebula) has a very well measured spectrum from different instru- 
ments throughout the last 50 years. However, it was shown that the source is actually 
variable on the order of a few percent within a timescale of ten years [134]. Instru- 
ments are typically calibrated to each other to obtain the same Crab spectrum which 
provides some level of consistency between the measurements. However this also 
introduces a huge bias in the actual performance and response of the instruments, 
especially if the calibration source being used is variable. Furthermore, the effec- 
tive areas of most instruments vary differently as a function of energy which makes 
inter-instrument-calibrations virtually impossible without a known source spectrum. 

To determine the angular resolution and in particular the point spread function 
(PSF), isolated pulsars are ideal targets to observe. These are point-like sources for 
y-ray instruments so that no spatial extent would be expected. Therefore a mea- 
surement of the position as a function of energy determines the PSF most precisely. 
Environmental conditions that impact the performance of the instruments, in partic- 
ular the spectral and angular resolution, are also calibrated on Earth before launch. 
These include, among others, temperature, voltage, details of the electronics (e.g., 
baseline noise, dark currents), or vibrations due to the oftentimes required cryo- 
cooling system. 

The calibration of a high-energy telescope based on the detection of single pho- 
tons is given in terms of the so-called ‘instrument functions’ which describe the 
measurement process: 


N(Em,Xm)dEmdQm = i 1(Es.X:)G- dE; dQ dt dEmdQn (21) 
E, JX 


where N(Em,Xm)dEmdQ» is the number of detected events in ‘measurement space’, 
I(E;,X,) dE; dQ, (photons/cm? s) is the incident flux of photons in ‘true’ (model) 
space, and G(E;,Em,X:,Xm,Xa,t) is a generalised instrument response function 
(Sec. 4.8). The physics of the photon detection process suggests that G can be sep- 
arated into a sequence of functions whose product is then an approximation of the 
true instrument function. One assumes that (i) G is constant over observation time 
T, and that (ii) the incident flux is uniform over the sensitive area of the experiment. 
Then, 

G(E;,Em,Xt,Xm,Xa,t) =T-A-€-R (22) 


where, T is dead time corrected exposure time, A(x;,x,) is the geometrical cross- 
section of the instrument seen from the true incidence direction x; with the tele- 
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scope pointing at x, (a for attitude, e.g. measured in zenith/azimuth), €(E;,x;,X_) 
is the efficiency averaged over A, and R(E;, Em,X;,Xm,Xq) is the general response 
(dispersion) in energy, direction, and for attitude x,. The essential parameters are 
the averaged efficiency € and the response functions R. Equally important for the 
sensitivity of an astronomical telescope is the suppression of instrumental and envi- 
ronmental background from non-astronomical sources (Sec. 2.2). This background 
susceptibility is also a topic of calibration measurements. 


4.10.1 MeV: Radioactive Sources 


Isotope / Reaction | Half-life Time|Line Energy [keV] 


2™TAm 432.6yr | 13.9 (0.37), 26.34 (0.02), 59.54 (0.36) 
30.63 (0.34), 30.97 (0.62), 34.92 (0.06), 34.99 (0.11), 35.82 
133Ba 10.55yr |(0.04), 53.16 (0.02), 79.61 (0.03), 81.00 (0.33), 276.40 
(0.07), 302.85 (0.18), 356.01 (0.62), 383.85 (0.09) 
57Co 271.74d  |14.41 (0.09), 122.06 (0.86), 136.47 (0.11) 
130 33.03 (0.23), 33.44 (0.41), 37.72 (0.04), 37.80 (0.08), 38.73 
Ce 137.64d | 92), 165.86 (0.80) 
137Cg 30.08 yr —|31.82 (0.02), 32.19 (0.04), 661.66 (0.85) 
54Min 312.20d 834.85 (1.00) 
{30 344.28 (0.27), 411.12 (0.02), 778.90 (0.13), 1089.74 (0.02), 
a IS517 YF 1999.14 (0.02) 
Zn 243.93d 1115.54 (0.50), [511.0 (0.03)] 
Co 5.2714yr_ | 1173.23 (1.00), 1332.49 (1.00) 
22Na 2.6018 yr | 1274.54 (1.00), [511.0 (1.80)] 
BCp,y"N - 1635, 2313, 3948, 5105, 5690, 6445, 6858, 7027, 8062, 9169 
oe 7 1522, 1779, 2839, 3063, 4498, 4608, 4743, 6020, 6265, 7924, 
AD : 7933, 10763 


Table 1 Radioactive isotopes and resonance photons used for the calibration of MeV instruments 
between 10 keV and 10 MeV (including K- and L-shell X-rays) with at least a branching ratio of 
0.01 (in parentheses) [135, 136, 137]. 


At MeV energies, the instrument calibration is performed either with radioactive 
sources of precisely known photon energies or particle beams with known reso- 
nances in specific reactions. Table | gives an overview of typically used sources and 
reactions as a function of photon energy. 

For example, the ground calibration of SPI was performed at Bruyeres-Le-Chatel 
(BLC; [81]). Low-intensity radioactive sources were mounted at distances of only 
8 m to calibrate the energy resolution, the camera efficiency and to adjust and find in- 
homogeneities of the instrument. To test the imaging capabilities of SPI, radioactive 
sources were placed at greater distances of 125 m. In addition to radioactive sources, 
a Van de Graaf accelerator was also used to reach to higher energies, Ey > 2.7 MeV 
[138, 139]. 

SPI imaging was calibrated with high-flux sources of 74!Am, !37Cs, ©Co, and 
4Na, located outside the laboratory through a transparent window. The beams were 
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strongly collimated to avoid radiation in other directions and scatters inside the de- 
tector hall. For energy calibration of SPI, the mask was removed so that all detec- 
tors could be illuminated simultaneously. Although the field of view of SPI is about 
16° x 16°, the calibration took place only on axis and no other zenith and azimuth 
angles were tested. Instead, the telescope efficiency is derived from the absorption 
properties of the individually measured transmissivities of opaque and transparent 
mask elements [140]. A mathematical model was then fit to obtain the correct mask 
properties given the full set of calibration measurements. For future MeV instru- 
ments, such as COSI, a full field of view calibration is anticipated which will reduce 
the systematic uncertainties from calibrations with a single beam line plus simula- 
tions to obtain the instrument response functions. 


4.10.2 GeV: Particle Accelerators 


There have been different ways to derive the instrument functions for past and 
present GeV telescopes: in pioneering counter-type instruments (e.g., OSO-3, Ex- 
plorer XI) design and calibrations were based on analytical estimates (geometry, 
cross sections, and individual detector responses) which were verified on beam tests 
using 7° decay photons or a synchrotron beam and the response to CR muons at 
ground level. The first imaging telescopes (e.g., SAS-2, COS-B) were calibrated 
with y-ray synchrotron beams (up to a few 100 MeV), electron beams (to charac- 
terise the tracking), and CR muons (to test the anticoincidence counters). 

A full scale beam calibration was performed on the next generation EGRET in- 
strument [141, 142]. The y-ray beam at the Stanford Linear Accelerator (SLAC) 
was generated by inverse Compton scattering of laser photons (2.34 eV) on the high- 
energy electron pulses from the accelerator. Tuning the linac electron energy from 
about 0.65 to 20 GeV resulted in back-scattered photons at ten energies between 
15 MeV and 10 GeV, with an energy dispersion of ~ 11% FWHM. The beam was 
constrained to a collimated pencil beam, with an intensity of ~ 0.4 photons per 
40ns pulse width and about 15 pulses/sec. EGRET, with a total weight of about 1.8 
tons, was mounted to an electro-hydraulic computer-controlled fixture which could 
position the telescope with 0.2 mm accuracy laterally and 0.1° in attitude angles. A 
raster-scan over and beyond the sensitive volume of the telescope with scan points 
spaced by 5cm was performed for attitudes out to 40° off-axis. These calibration 
measurements undertaken over a three month period in 1986 provided not only the 
data for a model of the efficiency of detection, but also the efficiency of ‘recogni- 
tion’ of good y-ray events in data analysis of real events. This latter point is often 
difficult to quantify with simulated data (Sec. 4.9). 

Since the space shuttle accident in 1986 delayed the launch of CGRO until April 
5, 1991, further calibration measurements could be performed with EGRET. At 
Brookhaven National Laboratory a proton beam up to 10GeV was used to gen- 
erate background y-rays in the material outside the anticoincidence system as a test 
to see the effect of CR particles on the instrumental background. This was found 
to be significantly below the expected cosmic y-ray background. Final y-ray mea- 
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surements at the MIT Bates accelerator up to 830 MeV were used to verify some 
technical developments on the instrument after the main calibrations. 

With the experience from ground level calibrations and results from EGRET on 
CGRO using celestial sources, e.g. pulsed photons from strong pulsars for angu- 
lar resolution, the design, simulation, and calibration of the currently active GeV 
telescope Fermi-LAT could be undertaken without a full-instrument beam test. Sub- 
systems, called the LAT Calibration Unit, were exposed to a large variety of beams 
at CERN and the GSI accelerator facilities to probe y-ray detection and background 
sensitivity. Beams of photons (< 2.5 GeV), electrons (1-300 GeV), hadrons (pions 
and protons, at up 100 GeV) and ions (C, Xe, 1.5 GeV/n) were used. But the much 
refined simulation tools based on GEANT4 and the fine tuning of the instrument and 
analysis tools provided the necessary instrument functions with increasing accuracy 
as the Fermi mission continues after its launch in 2008. 


4.10.3 Gamma-Ray Polarimetry 


The calibration of y-ray polarimeters is particularly complicated because naturally, 
no polarised y-ray sources exist (on Earth) and therefore must first be produced. 
In particular, a radioactive source is placed inside a lead structure which contains 
a small plastic component. The plastic is used as a target for the decay y-rays to 
scatter at an angle of 90° for the creation of a nearly 100% polarised beam. The 
scattered y-rays then pass through a collimator before exiting so that the polarisation 
response can be calibrated. Alternatively, the POLAR instrument, for example, used 
the correlated polarisation of two 511 keV photons from a partially shielded **Na 
source for calibrations [143]. The 7*Na B*-decay emits positrons which quickly 
form positronium in the surrounding shield and annihilate by the emission of two 
511keV photons in opposite directions. The 511 keV photons are then linearly po- 
larised with a polarisation degree of 55-60 % in this experimental setup. 

Another possibility is to use particle accerelator beam lines. As a by-product 
of cyclotrons and synchrotrons, for example, polarised photon emission from the 
acceleration and bending of electrons in the magnetic fields of circular accelera- 
tors can be used for calibration. Here, the radiation is pulsed with an energy in the 
range of keV to MeV, which depends mostly on the bending radius and magnetic 
field strength of the accelerator, as well as the mass and charge of the particle that 
produces the synchrotron radiation. An example would be the HIGS beam (High 
Energy Gamma-Ray Source via synchrotron self-Compton) which was 100 % po- 
larised up to nearly 50 MeV and was used in the calibrations of the MEGA telescope 
to obtain a polarisation response up to about 5 MeV [144, 145]. 
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5 Outlook 


The future of space-based y-ray telescopes is discussed in detail in a Chapter in 
this book. A brief outline is provided here. Many of the telescopes under develop- 
ment for y-ray astronomy are designed to improve the sensitivity in the MeV gap 
(Sec. 1.2) and therefore include instruments that are sensitive to y-rays interacting 
through Compton scattering. 

The Compton Spectrometer and Imager (COSI; [72]) is a soft y-ray survey tele- 
scope that will operate in the energy range from 0.2—5 MeV after its planned launch 
in 2025. It comprises sixteen high-resolution germanium detectors enabling it to 
perform imaging of the sky, provide high background rejection and measure the po- 
larisation of the incident y-ray. The technologies for COSI have been developed over 
decades and notably, were tested on a 46-day scientific balloon flight on NASA’s 
new Super Pressure Balloon, launched from Wanaka, New Zealand in May 2016 
[146]. Within its nominal two-year mission, COSI will improve upon the sensitivi- 
ties of SPI and COMPTEL by at least a factor of 10. 

Another Compton telescope that, for the first time, used also the recoil electron 
information through measurements of the electron tracks in a gas detector on a bal- 
loon flight, is SMILE [147]. In joint determination of the photon scattering path and 
the electron recoil energy and direction, the Compton rings reduce to arcs, which 
allows for a narrower point spread function as well as a clearer background photon 
rejection. 

The All-sky Medium Energy Gamma-ray Observatory (AMEGO; [148]) is a mis- 
sion concept designed to explore the MeV sky with instruments capable of providing 
sensitive coverage of both the Compton (0.2—10 MeV) and pair conversion (0.01— 
10 GeV) regimes. In the Compton regime, solid state technology (double-sided sil- 
icon detectors) will be used thus providing substantial performance improvements 
relative to COMPTEL. In the pair-production regime, AMEGO has been optimised 
to have its peak performance at lower energy than Fermi-LAT. This is achieved 
by minimising the passive material (i.e. the conversion foils) in the tracker and by 
enhancing the readout at low energies for the calorimeter. Indeed AMEGO will 
have two calorimeters, a low-energy precision calorimeter to measure the energy 
of Compton-scattered events, and a second calorimeter to contain the high-energy 
events. 

The ASTROGAM satellite concept comprises a y-ray telescope designed to op- 
erate between 100 keV and 2 GeV, being capable of the detection of photons in both 
the Compton and pair regimes [149]. Like AMEGO, the proposal is to use double- 
sided silicon detectors to track both the Compton and pair-production events. The 
Calorimeter design comprises a pixelated detector made of a high-Z scintillation 
material such as thallium-activated cesium iodide or cerium bromide. ASTROGAM 
and AMEGO would have comparable sensitivities on the order of 10 mCrab for 
an observation time of 1 Ms, bridging the MeV gap in the range from 0.1 MeV to 
10 GeV. 

ASTENA, the Advanced Surveyor of Transient Events and Nuclear Astrophysics 
is a mission concept being proposed for a deep study of the transient sky and to 
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perform nuclear astrophysics carrying two instruments onboard [125]. The Narrow 
Field Telescope (NFT, 50-700 keV) comprises a 20 m focal length Laue lens made 
with bent germanium and silicon crystals with a solid state device made with four 
layers of CZT at the focus. The Wide Field Monitor with Imaging and Spectro- 
scopic capabilities (WFM-IS, 0.002—20 MeV) is composed of 12 position sensitive 
detectors. These are distributed around the NFT and are oriented 15° two by two 
outwards with respect to the Laue lens axis in order to extend the field of view of 
the overall instrument. The continuum sensitivity of NFT would be 2-3 orders of 
magnitude better than that of currently working low-energy y-ray telescopes. Also, 
its anticipated angular resolution of 5 arcsec would be unprecedented in the MeV 
regime. ASTENA, ASTROGAM, and AMEGO would all have y-ray line sensitivi- 
ties that would be a factor of 10-100 better than SPI, with better improvements for 
higher energies. 

Other concepts under development for future y-ray missions include CubeSats, a 
small satellite technology that can make space observations more readily accessible 
thanks to their low cost and fast-delivery design [150]. COMCUBE, for example, is 
a project under development with a goal of using a Compton polarimeter to measure 
the polarisation of bright GRBs [151]. Another example would be BurstCube [152] 
that is aiming for quick follow-ups to gravitational wave events. 

The idea of using a time projection chamber to measure the polarisation of y-rays 
in the MeV range was explored by [153] who constructed the HARPO prototype 
to demonstrate the measurement of polarisation of a linearly polarised beam. A 
discussion on the use of time projection chambers for y-ray astronomy can be found 
in a Chapter of this book. 

At higher energies, the future Cherenkov Telescope Array (CTA; [154]), with its 
extensive energy range will be sensitive to y-rays from 0.02—300 TeV thus increas- 
ing the reach of imaging arrays of ground-based telescopes into the energy range 
traditionally only accessible to space-based instruments. 


References 


[1] D Iwanenko and I Pomeranchuk. On the Maximal Energy Attainable in a 
Betatron. Physical Review, 65(1):343-343, June 1944. 

[2] E Feenberg and H Primakoff. Interaction of Cosmic-Ray Primaries with Sun- 
light and Starlight. Physical Review, 73(5):449-469, March 1948. 

[3] S Hayakawa. Propagation of the Cosmic Radiation through Intersteller 
Space. Progress of Theoretical Physics, 8:571-572, November 1952. 

[4] G W Hutchinson. On the possible relation of galactic radio noise to cos- 
mic rays. The London, Edinburgh, and Dublin Philosophical Magazine and 
Journal of Science, July 2010. 

[5] P Morrison. On gamma-ray astronomy. I] Nuovo Cimento, 7(6):858—865, 
March 1958. 


54 


[6] 


S 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


J B Pollack and G G Fazio. Production of z Mesons and Gamma Radiation 
in the Galaxy by Cosmic Rays. Physical Review, 131:2684—2691, September 
1963. 

W L Kraushaar, G W Clark, G P Garmire, R Borken, P Higbie, V Leong, and 
T Thorsos. High-Energy Cosmic Gamma-Ray Observations from the OSO-3 
Satellite. Astrophysical Journal, 177:341—, November 1972. 

D J Forrest, E L Chupp, J M Ryan, M L Cherry, I U Gleske, C Reppin, 
K Pinkau, E Rieger, G Kanbach, R L Kinzer, G Share, W N Johnson, and 
J D Kurfess. The gamma ray spectrometer for the Solar Maximum Mission. 
Solar Physics, 65(1):15—23, February 1980. 

CE Fichtel, D A Kniffen, and H B Ogelman. Results of Gamma-Ray Balloon 
Astronomy. Astrophysical Journal, 158:193-, October 1969. 

M Meyer, D Horns, and H S Zechlin. The Crab Nebula as a standard can- 
dle in very high-energy astrophysics. Astronomy & Astrophysics, 523:A2, 
November 2010. 

W A Mahoney, J C Ling, and Wm A Wheaton. HEAO 3 observations of the 
Galactic center 511 keV line. The Astrophysical Journal Supplement Series, 
92:387-391, June 1994. 

W R Purcell, L X Cheng, D D Dixon, R L Kinzer, J D Kurfess, M Leventhal, 
M A Saunders, J G Skibo, D M Smith, and J Tueller. OSSE Mapping of 
Galactic 511 keV Positron Annihilation Line Emission. The Astrophysical 
Journal, 491(2):725-748, December 1997. 

P Jean, J Knoedlseder, W Gillard, N Guessoum, K Ferriére, A Marcowith, 
V Lonjou, and J P Roques. Spectral analysis of the Galactic e+e- annihilation 
emission. Astronomy & Astrophysics, 445(2):579-589, January 2006. 

E Churazov, S Sazonov, S Tsygankov, R Sunyaev, and D Varshalovich. 
Positron annihilation spectrum from the Galactic Centre region observed by 
SPI/INTEGRAL revisited: annihilation in a cooling ISM? Monthly Notices 
of the Royal Astronomical Society, 411(3):1727—1743, March 2011. 

Thomas Siegert, Roland Diehl, Gerasim Khachatryan, Martin G H Krause, 
Fabrizia Guglielmetti, Jochen Greiner, Andrew W Strong, and Xiaoling 
Zhang. Gamma-ray spectroscopy of positron annihilation in the Milky Way. 
Astronomy & Astrophysics, 586:A84, February 2016. 

Thomas Siegert, Roland M Crocker, Oscar Macias, Fiona H Panther, 
Francesca Calore, Deheng Song, and Shunsaku Horiuchi. Measuring the 
smearing of the Galactic 511 keV signal: positron propagation or supernova 
kicks? arXiv.org, page arXiv:2109.03691, September 2021. 

A F Iyudin, R Diehl, G G Lichti, V Schénfelder, A W Strong, H Bloemen, 
W Hermsen, J Ryan, K Bennett, and C Winkler. Cas A in the Light of the 
44Ti 1. 15 MeV Gamma-Ray Line Emission. The Transparent Universe, 
382:37—37, 1997. 

M Renaud, J Vink, A Decourchelle, F Lebrun, P R den Hartog, R Terrier, 
C Couvreur, J Knoedlseder, P Martin, N Prantzos, A M Bykov, and H Bloe- 
men. The Signature of 44Ti in Cassiopeia A Revealed by IBIS/ISGRI on 
INTEGRAL. 647:L41-L44, August 2006. 


Telescope Concepts in Gamma-Ray Astronomy 55 


[19] B W Grefenstette, F A Harrison, S E Boggs, S P Reynolds, C L Fryer, K K 


[20 


[21 


[22 


[23 


[24 


= 


sy 


—“ 


] 


ay 


Madsen, D R Wik, A Zoglauer, C I Ellinger, D M Alexander, H An, D Barret, 
F E Christensen, W W Craig, K Forster, P Giommi, C J Hailey, A Hornstrup, 
V M Kaspi, T Kitaguchi, J E Koglin, PH Mao, H Miyasaka, K Mori, M Perri, 
M J Pivovaroff, S Puccetti, V Rana, D Stern, N J Westergaard, and W W 
Zhang. Asymmetries in core-collapse supernovae from maps of radioactive 
44Ti in CassiopeiaA. Nature, 506(7):339-342, February 2014. 

S E Boggs, F A Harrison, H Miyasaka, B W Grefenstette, A Zoglauer, C L 
Fryer, S P Reynolds, D M Alexander, H An, D Barret, F E Christensen, 
W W Craig, K Forster, P Giommi, C J Hailey, A Hornstrup, T Kitaguchi, 
J E Koglin, K K Madsen, P H Mao, K Mori, M Perri, M J Pivovaroff, S Puc- 
cetti, V Rana, D Stern, N J Westergaard, and W W Zhang. Supernovae. 44Ti 
gamma-ray emission lines from SN1987A reveal an asymmetric explosion. 
Science, 348(6235):670-671, May 2015. 

Thomas Siegert, Roland Diehl, Martin G H Krause, and Jochen Greiner. Re- 
visiting INTEGRAL/SPI observations of 44Ti from Cassiopeia A. Astronomy 
& Astrophysics, 579:A124, July 2015. 

Christoph Weinberger, Roland Diehl, Moritz M M Pleintinger, Thomas 
Siegert, and Jochen Greiner. 44Ti ejecta in young supernova remnants. As- 
tronomy & Astrophysics, 638:A83, June 2020. 

W A Mahoney, J C Ling, W A Wheaton, and A S Jacobson. HEAO 3 discov- 
ery of Al-26 in the interstellar medium. Astrophysical Journal, 286:578-585, 
November 1984. 

R Diehl, H Halloin, K Kretschmer, G G Lichti, V Schénfelder, A W Strong, 
A von Kienlin, W Wang, P Jean, J Knoedlseder, J P Roques, G Weidenspoint- 
ner, S Schanne, D H Hartmann, C Winkler, and C Wunderer. Radioactive 
26AI from massive stars in the Galaxy. Nature, 439(7072):45-47, January 
2006. 

Karsten Kretschmer, Roland Diehl, Martin Krause, Andreas Burkert, Katha- 
rina Fierlinger, Ortwin Gerhard, Jochen Greiner, and Wei Wang. Kinematics 
of massive star ejecta in the Milky Way as traced by 26Al. Astronomy & 
Astrophysics, 559:A99, November 2013. 

T Siegert and R Diehl. The 26Al Gamma-ray Line from Massive-Star Re- 
gions. ArXiv e-prints, arXiv: 1609.08817, astro-ph.HE, September 2016. 
Moritz M M Pleintinger, Thomas Siegert, Roland Diehl, Yusuke Fujimoto, 
Jochen Greiner, Martin G H Krause, and Mark R Krumholz. Comparing sim- 
ulated 26Al maps to gamma-ray measurements. Astronomy & Astrophysics, 
632:A73, December 2019. 

M J Harris, J Knoedlseder, P Jean, E Cisana, R Diehl, G G Lichti, J P Roques, 
S Schanne, and G Weidenspointner. Detection of y-ray lines from interstellar 
60Fe by the high resolution spectrometer SPI. Astronomy & Astrophysics, 
433(3):L49-L52, April 2005. 

W Wang, M J Harris, R Diehl, H Halloin, B Cordier, A W Strong, 
K Kretschmer, J KnoedIseder, P Jean, G G Lichti, J P Roques, S Schanne, 
A von Kienlin, G Weidenspointner, and C Wunderer. SPI observations of 


56 


[33] 


[34 


sy 


[35 


fom) 


[37] 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


the diffuse 60Fe emission in the Galaxy. arXiv.org, 469(3):1005—1012, July 
2007. 

W Wang, T Siegert, Z G Dai, R Diehl, J Greiner, A Heger, M Krause, M Lang, 
M M M Pleintinger, and X L Zhang. Gamma-Ray Emission of 60Fe and 
26AI Radioactivity in Our Galaxy. The Astrophysical Journal, 889(2):169, 
February 2020. 

R Diehl, T Siegert, W Hillebrandt, S A Grebenev, J Greiner, M Krause, 
M Kromer, K Maeda, F Roépke, and S Taubenberger. Early 56Ni de- 
cay gamma rays from SN2014J suggest an unusual explosion. Science, 
345(6201):1162—1165, September 2014. 

Roland Diehl, Thomas Siegert, Wolfgang Hillebrandt, Martin Krause, Jochen 
Greiner, Keiichi Maeda, Friedrich K Ropke, Stuart A Sim, Wei Wang, and Xi- 
aoling Zhang. SN2014J gamma rays from the 56Ni decay chain. Astronomy 
& Astrophysics, 574:A72, February 2015. 

E Churazov, R Sunyaev, J Isern, J Knoedlseder, P Jean, F Lebrun, N Chugai, 
S Grebenev, E Bravo, S Sazonov, and M Renaud. Cobalt-56 y-ray emission 
lines from the type Ia supernova 2014J. Nature, 512(7):406—408, August 
2014. 

J Isern, P Jean, E Bravo, J Knoedlseder, F Lebrun, E Churazov, R Sunyaev, 
A Domingo, C Badenes, D H Hartmann, P Hoeflich, M Renaud, S Soldi, 
N Elias-Rosa, M Hernanz, I Dominguez, D Garcia-Senz, G G Lichti, G Ve- 
drenne, and P von Ballmoos. Gamma-ray emission from SN2014J near max- 
imum optical light. Astronomy & Astrophysics, 588:A67, April 2016. 

M Gros, V Tatischeff, J Kiener, B Cordier, C Chapuis, G Weidenspointner, 
G Vedrenne, A von Kienlin, R Diehl, A Bykov, and M NMéndez. INTE- 
GRAL/SPI Observation of the 2003 Oct 28 Solar Flare. In V Schoenfelder, 
G Lichti, and C Winkler, editors, 5th INTEGRAL Workshop on the INTE- 
GRAL Universe, page 669, October 2004. 

J Kiener, M Gros, V Tatischeff, and G Weidenspointner. Properties of the 
energetic particle distributions during the October 28, 2003 solar flare from 
INTEGRAL/SPI observations. Astronomy & Astrophysics, 445(2):725-733, 
January 2006. 

Frank Timmes, Chris Fryer, Aimee L Hungerford, Aaron Couture, Fred 
Adams, Wako Aoki, Almudena Arcones, David Arnett, Katie Auchettl, 
Melina Avila, Carles Badenes, Eddie Baron, Andreas Bauswein, John Bea- 
com, Jeff Blackmon, Stéphane Blondin, Peter Bloser, Steve Boggs, Alan 
Boss, Terri Brandt, Eduardo Bravo, Ed Brown, Peter Brown, Steve Bruenn, 
Carl Budtz-Jérgensen, Eric Burns, Alan Calder, Regina Caputo, Art Cham- 
pagne, Roger Chevalier, Alessandro Chieffi, Kelly Chipps, David Cinabro, 
Ondrea Clarkson, Don Clayton, Alain Coc, Devin Connolly, Charlie Con- 
roy, Benoit Cété, Sean Couch, Nicolas Dauphas, Richard James deBoer, 
Catherine Deibel, Pavel Denisenkov, Steve Desch, Luc Dessart, Roland 
Diehl, Carolyn Doherty, Inma Dominguez, Subo Dong, Vikram Dwarkadas, 
Doreen Fan, Brian Fields, Carl Fields, Alex Filippenko, Robert Fisher, 
Francois Foucart, Claes Fransson, Carla Frohlich, George Fuller, Brad 


Telescope Concepts in Gamma-Ray Astronomy 57 


[39 


“4 


— 


Gibson, Viktoriya Giryanskaya, Joachim Gérres, Stéphane Goriely, Sergei 
Grebenev, Brian Grefenstette, Evan Grohs, James Guillochon, Alice Harpole, 
Chelsea Harris, J Austin Harris, Fiona Harrison, Dieter Hartmann, Masa- 
aki Hashimoto, Alexander Heger, Margarita Hernanz, Falk Herwig, Raphael 
Hirschi, Raphael William Hix, Peter HOflich, Robert Hoffman, Cole Hol- 
comb, Eric Hsiao, Christian Iliadis, Agnieszka Janiuk, Thomas Janka, An- 
ders Jerkstrand, Lucas Johns, Samuel Jones, Jordi José, Toshitaka Kajino, 
Amanda Karakas, Platon Karpov, Dan Kasen, Carolyn Kierans, Marc Kip- 
pen, Oleg Korobkin, Chiaki Kobayashi, Cecilia Kozma, Saha Krot, Pawan 
Kumar, Irfan Kuvvetli, Alison Laird, John Martin Laming, Josefin Larsson, 
John Lattanzio, James Lattimer, Mark Leising, Annika Lennarz, Eric Lentz, 
Marco Limongi, Jonas Lippuner, Eli Livne, Nicole Lloyd-Ronning, Richard 
Longland, Laura A Lopez, Maria Lugaro, Alexander Lutovinov, Kristin 
Madsen, Chris Malone, Francesca Matteucci, Julie McEnery, Zach Meisel, 
Bronson Messer, Brian Metzger, Bradley Meyer, Georges Meynet, Anthony 
Mezzacappa, Jonah Miller, Richard Miller, Peter Milne, Wendell Misch, 
Lee Mitchell, Philipp Moésta, Yuko Motizuki, Bernhard Miiller, Matthew 
Mumpower, Jeremiah Murphy, Shigehiro Nagataki, Ehud Nakar, Ken’ichi 
Nomoto, Peter Nugent, Filomena Nunes, Brian O’Shea, Uwe Oberlack, 
Steven Pain, Lucas Parker, Albino Perego, Marco Pignatari, Gabriel Martinez 
Pinedo, Tomasz Plewa, Dovi Poznanski, William Priedhorsky, Boris Pri- 
tychenko, David Radice, Enrico Ramirez-Ruiz, Thomas Rauscher, Sanjay 
Reddy, Ernst Rehm, Rene Reifarth, Debra Richman, Paul Ricker, Nabin Ri- 
jal, Luke Roberts, Friedrich R6pke, Stephan Rosswog, Ashley J Ruiter, Chris 
Ruiz, Daniel Wolf Savin, Hendrik Schatz, Dieter Schneider, Josiah Schwab, 
Ivo Seitenzahl, Ken Shen, Thomas Siegert, Stuart Sim, David Smith, Karl 
Smith, Michael Smith, Jesper Sollerman, Trevor Sprouse, Artemis Spyrou, 
Sumner Starrfield, Andrew Steiner, Andrew W Strong, Tuguldur Sukhbold, 
Nick Suntzeff, Rebecca Surman, Toru Tanimori, Lih-Sin The, Friedrich- 
Karl Thielemann, Alexey Tolstov, Nozomu Tominaga, John Tomsick, Dean 
Townsley, Pelagia Tsintari, Sergey Tsygankov, David Vartanyan, Tonia Ven- 
ters, Tom Vestrand, Jacco Vink, Roni Waldman, Lifang Wang, Xilu Wang, 
MacKenzie Warren, Christopher West, J Craig Wheeler, Michael Wiescher, 
Christoph Winkler, Lisa Winter, Bill Wolf, Richard Woolf, Stan Woosley, Jin 
Wu, Chris Wrede, Shoichi Yamada, Patrick Young, Remco Zegers, Michael 
Zingale, and Simon Portegies Zwart. Catching Element Formation In The Act 
; The Case for a New MeV Gamma-Ray Mission: Radionuclide Astronomy 
in the 2020s. Astro2020: Decadal Survey on Astronomy and Astrophysics, 
51(3):2, May 2019. 

A Einstein. Uber einen die Erzeugung und Verwandlung des Lichtes betre- 
ffenden heuristischen Gesichtspunkt. Annalen der Physik, 322(6):132-148, 
1905. 

Krzysztof W Fornalski. Simple empirical correction functions to cross sec- 
tions of the photoelectric effect, Compton scattering, pair and triplet produc- 
tion for carbon radiation shields for intermediate and high photon energies. 


58 


SN 
= 


£ 


[45] 


[46] 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


Journal of Physics Communications, 2(3):035038, March 2018. 

Charlotte Meaker Davisson and Robley D Evans. Gamma-Ray Absorption 
Coefficients. Reviews of Modern Physics, 24(2):79-107, April 1952. 

A H Compton. A Quantum Theory of the Scattering of X-rays by Light 
Elements. Physical Review, 21:483-502, May 1923. 

PMS Blackett and G P S Occhialini. Some Photographs of the Tracks of 
Penetrating Radiation. In Proceedings of the Royal Society of London. Series 
A, pages 699-720, March 1933. 

C Winkler, T J L Courvoisier, G Di Cocco, N Gehrels, A Giménez, 
S Grebenev, W Hermsen, J M Mas-Hesse, F Lebrun, N Lund, G G C 
Palumbo, J Paul, J P Roques, H Schnopper, V Schonfelder, R Sunyaev, B Tee- 
garden, P Ubertini, G Vedrenne, and A J Dean. The INTEGRAL mission. 
Astronomy & Astrophysics, 411(1):L1—L6, November 2003. 

G Vedrenne, J P Roques, V Schonfelder, P Mandrou, G G Lichti, A von 
Kienlin, B Cordier, S Schanne, J Knoedlseder, G Skinner, P Jean, F Sanchez, 
P Caraveo, B Teegarden, P von Ballmoos, L Bouchet, P Paul, J Matte- 
son, S Boggs, C Wunderer, P Leleux, G Weidenspointner, Ph Durouchoux, 
R Diehl, A Strong, M Cassé, M A Clair, and Y André. SPI: The spectrometer 
aboard INTEGRAL. Astronomy & Astrophysics, 411(1):L63—L70, Novem- 
ber 2003. 

D. J. Thompson, D. L. Bertsch, C. E. Fichtel, R. C. Hartman, R. Hofstadter, 
E. B. Hughes, S. D. Hunter, B. W. Hughlock, G. Kanbach, D. A. Knif- 
fen, Y. C. Lin, J. R. Mattox, H. A. Mayer-Hasselwander, C. von Montigny, 
P. L. Nolan, H. I. Nel, K. Pinkau, H. Rothermel, E. J. Schneid, M. Sommer, 
P. Sreekumar, D. Tieger, and A. H. Walker. Calibration of the Energetic 
Gamma-Ray Experiment Telescope (EGRET) for the Compton Gamma-Ray 
Observatory. ApJS, 86:629, June 1993. 

W. B. Atwood, A. A. Abdo, M. Ackermann, W. Althouse, B. Anderson, 
M. Axelsson, L. Baldini, J. Ballet, D. L. Band, G. Barbiellini, J. Bartelt, 
D. Bastieri, B. M. Baughman, K. Bechtol, D. Bédéréde, F. Bellardi, R. Bel- 
lazzini, B. Berenji, G. K Bignami, D. Bisello, E. Bissaldi, R. D. Bland- 
ford, E. D. Bloom, J. R. Bogart, E. Bonamente, J. Bonnell, A. W. Borg- 
land, A. Bouvier, J. Bregeon, A. Brez, M. Brigida, P. Bruel, T. H. Bur- 
nett, G. Busetto, G. A. Caliandro, R. A. Cameron, P. A. Caraveo, S. Car- 
ius, P. Carlson, J. M. Casandjian, E. Cavazzuti, M. Ceccanti, C. Cecchi, 
E. Charles, A. Chekhtman, C. C. Cheung, J. Chiang, R. Chipaux, A. N. 
Cillis, S. Ciprini, R. Claus, J. Cohen-Tanugi, S. Condamoor, J. Conrad, 
R. Corbet, L. Corucci, L. Costamante, S. Cutini, D. S. Davis, D. Decotigny, 
M. DeKlotz, C. D. Dermer, A. de Angelis, S. W. Digel, E. do Couto e Silva, 
P. S. Drell, R. Dubois, D. Dumora, Y. Edmonds, D. Fabiani, C. Farnier, 
C. Favuzzi, D. L. Flath, P. Fleury, W. B. Focke, S. Funk, P. Fusco, F. Gargano, 
D. Gasparrini, N. Gehrels, F. X. Gentit, S. Germani, B. Giebels, N. Gigli- 
etto, P. Giommi, F. Giordano, T. Glanzman, G. Godfrey, I. A. Grenier, M. H. 
Grondin, J. E. Grove, L. Guillemot, S. Guiriec, G. Haller, A. K. Harding, 
P. A. Hart, E. Hays, S. E. Healey, M. Hirayama, L. Hjalmarsdotter, R. Horn, 


Telescope Concepts in Gamma-Ray Astronomy 59 


7 


R. E. Hughes, G. Jéhannesson, G. Johansson, A. S. Johnson, R. P. Johnson, 
T. J. Johnson, W. N. Johnson, T. Kamae, H. Katagiri, J. Kataoka, A. Kave- 
laars, N. Kawai, H. Kelly, M. Kerr, W. Klamra, J. Knddlseder, M. L. Kocian, 
N. Komin, F. Kuehn, M. Kuss, D. Landriu, L. Latronico, B. Lee, S. H. Lee, 
M. Lemoine-Goumard, A. M. Lionetto, F. Longo, F. Loparco, B. Lott, M. N. 
Lovellette, P. Lubrano, G. M. Madejski, A. Makeev, B. Marangelli, M. M. 
Massai, M. N. Mazziotta, J. E. McEnery, N. Menon, C. Meurer, P. F. Michel- 
son, M. Minuti, N. Mirizzi, W. Mitthumsiri, T. Mizuno, A. A. Moiseev, 
C. Monte, M. E. Monzani, E. Moretti, A. Morselli, I. V. Moskalenko, S. Mur- 
gia, T. Nakamori, S. Nishino, P. L. Nolan, J. P. Norris, E. Nuss, M. Ohno, 
T. Ohsugi, N. Omodei, E. Orlando, J. FK Ormes, A. Paccagnella, D. Paneque, 
J. H. Panetta, D. Parent, M. Pearce, M. Pepe, A. Perazzo, M. Pesce-Rollins, 
P. Picozza, L. Pieri, M. Pinchera, F. Piron, T. A. Porter, L. Poupard, S. Raino, 
R. Rando, E. Rapposelli, M. Razzano, A. Reimer, O. Reimer, T. Reposeur, 
L. C. Reyes, S. Ritz, L. S. Rochester, A. Y. Rodriguez, R. W. Romani, 
M. Roth, J. J. Russell, F. Ryde, S. Sabatini, H. F. W. Sadrozinski, D. Sanchez, 
A. Sander, L. Sapozhnikov, P. M. Saz Parkinson, J. D. Scargle, T. L. Schalk, 
G. Scolieri, C. Sgro, G. H. Share, M. Shaw, T. Shimokawabe, C. Shrader, 
A. Sierpowska-Bartosik, E. J. Siskind, D. A. Smith, P. D. Smith, G. Spandre, 
P. Spinelli, J. L. Starck, T. E. Stephens, M. S. Strickman, A. W. Strong, D. J. 
Suson, H. Tajima, H. Takahashi, T. Takahashi, T. Tanaka, A. Tenze, S. Tether, 
J. B. Thayer, J. G. Thayer, D. J. Thompson, L. Tibaldo, O. Tibolla, D. F. 
Torres, G. Tosti, A. Tramacere, M. Turri, T. L. Usher, N. Vilchez, V. Vitale, 
P. Wang, K. Watters, B. L. Winer, K. S. Wood, T. Ylinen, and M. Ziegler. The 
Large Area Telescope on the Fermi Gamma-Ray Space Telescope Mission. 
ApJ, 697(2):1071—1102, June 2009. 

M. Tavani, G. Barbiellini, A. Argan, F. Boffelli, A. Bulgarelli, P. Caraveo, 
P. W. Cattaneo, A. W. Chen, V. Cocco, E. Costa, F. D’Ammando, E. Del 
Monte, G. de Paris, G. Di Cocco, G. di Persio, I. Donnarumma, Y. Evange- 
lista, M. Feroci, A. Ferrari, M. Fiorini, F. Fornari, F. Fuschino, T. Froysland, 
M. Frutti, M. Galli, F. Gianotti, A. Giuliani, C. Labanti, I. Lapshov, F. Laz- 
zarotto, F. Liello, P. Lipari, F. Longo, E. Mattaini, M. Marisaldi, M. Mastropi- 
etro, A. Mauri, F. Mauri, S. Mereghetti, E. Morelli, A. Morselli, L. Pacciani, 
A. Pellizzoni, F. Perotti, G. Piano, P. Picozza, C. Pontoni, G. Porrovecchio, 
M. Prest, G. Pucella, M. Rapisarda, A. Rappoldi, E. Rossi, A. Rubini, P. Sof- 
fitta, A. Traci, M. Trifoglio, A. Trois, E. Vallazza, S. Vercellone, V. Vittorini, 
A. Zambra, D. Zanello, C. Pittori, B. Preger, P. Santolamazza, F. Verrecchia, 
P. Giommi, S. Colafrancesco, A. Antonelli, S. Cutini, D. Gasparrini, S. Stel- 
lato, G. Fanari, R. Primavera, F. Tamburelli, F. Viola, G. Guarrera, L. Salotti, 
F. D’Amico, E. Marchetti, M. Crisconio, P. Sabatini, G. Annoni, S. Alia, 
A. Longoni, R. Sanquerin, M. Battilana, P. Concari, E. Dessimone, R. Grossi, 
A. Parise, F. Monzani, E. Artina, R. Pavesi, G. Marseguerra, L. Nicolini, 
L. Scandelli, L. Soli, V. Vettorello, E. Zardetto, A. Bonati, L. Maltecca, 
E. D’ Alba, M. Patané, G. Babini, F. Onorati, L. Acquaroli, M. Angelucci, 
B. Morelli, C. Agostara, M. Cerone, A. Michetti, P. Tempesta, S. D’Eramo, 


60 


[48 


[49 


[52 


[55 


“4 


] 


] 


“4 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


F. Rocca, F. Giannini, G. Borghi, B. Garavelli, M. Conte, M. Balasini, I. Fer- 
rario, M. Vanotti, E. Collavo, and M. Giacomazzo. The AGILE Mission. 
A&A, 502(3):995-1013, August 2009. 

J H Hubbell, SM Seltzer Gaithersburg, MD: National Institute of Standards 
and ..., and 1996. NIST standard reference database 126. 

M. J. Berger, J. H. Hubbell, S. M. Seltzer, J. Chang, J. S. Coursey, R. Suku- 
mar, D. S. Zucker, and K. Olsen. XCOM: photon cross sections database. 
http://physics.nist.gov/xcom, 2017. 

D F Smart and M A Shea. A review of geomagnetic cutoff rigidities for earth- 
orbiting spacecraft. Advances in Space Research, 36(1):2012—2020, 2005. 
Christopher C Finlay, Clemens Kloss, Nils Olsen, Magnus D Hammer, Lars 
Toffner-Clausen, Alexander Grayver, and Alexey Kuvshinov. The CHAOS- 
7 geomagnetic field model and observed changes in the South Atlantic 
Anomaly. Earth, 72(1):156-31, October 2020. 

N Yu Ganushkina, I Dandouras, Y Y Shprits, and J Cao. Locations of bound- 
aries of outer and inner radiation belts as observed by Cluster and Double 
Star. Journal of Geophysical Research (Space Physics), 116(A9), September 
2011. 

F Javier Pavon-Carrasco and Angelo De Santis. The South Atlantic Anomaly: 
The Key for a Possible Geomagnetic Reversal. Frontiers in Earth Science, 0, 
2016. 

K Hurley, T Cline, I G Mitrofanov, D Golovin, M L Litvak, A B Sanin, 
W Boynton, C Fellows, K Harshman, R Starr, S Golenetskii, R Aptekar, 
E Mazets, V Pal’shin, D Frederiks, D M Smith, C Wigger, W Hajdas, A Zehn- 
der, A von Kienlin, G G Lichti, A Rau, K Yamaoka, M Ohno, Y Fukazawa, 
T Takahashi, M Tashiro, Y Terada, T Murakami, K Makishima, S Barthelmy, 
J Cummings, N Gehrels, H Krimm, J Goldsten, E Del Monte, M Feroci, and 
M Marisaldi. The Status and Future of the Third Interplanetary Network. AJP 
Conference Proceedings, 1133(1):55, June 2009. 

Roland Diehl, Thomas Siegert, Jochen Greiner, Martin Krause, Karsten 
Kretschmer, Michael Lang, Moritz Pleintinger, Andrew W Strong, Christoph 
Weinberger, and Xiaoling Zhang. INTEGRAL/SPI y-ray line spectroscopy. 
Response and background characteristics. Astronomy & Astrophysics, 
611:A12, March 2018. 

B Biltzinger, F Kunzweiler, J Greiner, K Toelge, and J Michael Burgess. A 
physical background model for the Fermi Gamma-ray Burst Monitor. Astron- 
omy & Astrophysics, 640:A8, August 2020. 

Frédéric Clette, Leif Svalgaard, José M Vaquero, and Edward W Cliver. Re- 
visiting the Sunspot Number. Space Science Reviews, 186(1):35—103, De- 
cember 2014. 

Frédéric Clette, Laure Lefévre, Marco Cagnotti, Sergio Cortesi, and Andreas 
Bulling. The Revised Brussels-Locarno Sunspot Number (1981 - 2015). So- 
lar Physics, 291(9):2733-2761, November 2016. 

Daniel R Wik, A Hornstrup, S Molendi, G Madejski, F A Harrison, 
A Zoglauer, B W Grefenstette, F Gastaldello, K K Madsen, N J Westergaard, 


Telescope Concepts in Gamma-Ray Astronomy 61 


[60 


= 


[61] 


DDM Ferreira, T Kitaguchi, K Pedersen, S E Boggs, F E Christensen, W W 
Craig, C J Hailey, D Stern, and W W Zhang. NuSTAR Observations of the 
Bullet Cluster: Constraints on Inverse Compton Emission. The Astrophysical 
Journal, 792(1):48, September 2014. 

V. Schoenfelder, H. Aarts, K. Bennett, H. de Boer, J. Clear, W. Collmar, 
A. Connors, A. Deerenberg, R. Diehl, A. von Dordrecht, J. W. den Herder, 
W. Hermsen, M. Kippen, L. Kuiper, G. Lichti, J. Lockwood, J. Macri, M. Mc- 
Connell, D. Morris, R. Much, J. Ryan, G. Simpson, M. Snelling, G. Stacy, 
H. Steinle, A. Strong, B. N. Swanenburg, B. Taylor, C. de Vries, and C. Win- 
Kler. Instrument Description and Performance of the Imaging Gamma-Ray 
Telescope COMPTEL aboard the Compton Gamma-Ray Observatory. ApJS, 
86:657, June 1993. 

M. Ackermann, M. Ajello, A. Albert, W. B. Atwood, L. Baldini, J. Bal- 
let, G. Barbiellini, D. Bastieri, K. Bechtol, R. Bellazzini, E. Bissaldi, R. D. 
Blandford, E. D. Bloom, E. Bottacini, T. J. Brandt, J. Bregeon, P. Bruel, 
R. Buehler, S. Buson, G. A. Caliandro, R. A. Cameron, M. Caragiulo, P. A. 
Caraveo, E. Cavazzuti, C. Cecchi, E. Charles, A. Chekhtman, J. Chiang, 
G. Chiaro, S. Ciprini, R. Claus, J. Cohen-Tanugi, J. Conrad, A. Cuoco, 
S. Cutini, F D’Ammando, A. de Angelis, F. de Palma, C. D. Dermer, S. W. 
Digel, E. do Couto e. Silva, P. S. Drell, C. Favuzzi, E. C. Ferrara, W. B. 
Focke, A. Franckowiak, Y. Fukazawa, S. Funk, P. Fusco, F. Gargano, D. Gas- 
parrini, S. Germani, N. Giglietto, P. Giommi, F. Giordano, M. Giroletti, 
G. Godfrey, G. A. Gomez-Vargas, I. A. Grenier, S. Guiriec, M. Gustafs- 
son, D. Hadasch, K. Hayashi, E. Hays, J. W. Hewitt, P. Ippoliti, T. Jogler, 
G. Jéhannesson, A. S. Johnson, W. N. Johnson, T. Kamae, J. Kataoka, 
J. Knédlseder, M. Kuss, S. Larsson, L. Latronico, J. Li, L. Li, F Longo, 
F. Loparco, B. Lott, M. N. Lovellette, P. Lubrano, G. M. Madejski, A. Man- 
freda, F. Massaro, M. Mayer, M. N. Mazziotta, J. E. McEnery, P. F. Michel- 
son, W. Mitthumsiri, T. Mizuno, A. A. Moiseev, M. E. Monzani, A. Morselli, 
I. V. Moskalenko, S. Murgia, R. Nemmen, E. Nuss, T. Ohsugi, N. Omodei, 
E. Orlando, J. F. Ormes, D. Paneque, J. H. Panetta, J. S. Perkins, M. Pesce- 
Rollins, F. Piron, G. Pivato, T. A. Porter, S. Raind, R. Rando, M. Razzano, 
S. Razzaque, A. Reimer, O. Reimer, T. Reposeur, S. Ritz, R. W. Romani, 
M. Sanchez-Conde, M. Schaal, A. Schulz, C. Sgro, E. J. Siskind, G. Span- 
dre, P. Spinelli, A. W. Strong, D. J. Suson, H. Takahashi, J. G. Thayer, 
J. B. Thayer, L. Tibaldo, M. Tinivella, D. F. Torres, G. Tosti, E. Troja, 
Y. Uchiyama, G. Vianello, M. Werner, B. L. Winer, K. S. Wood, M. Wood, 
G. Zaharijas, and S. Zimmer. The Spectrum of Isotropic Diffuse Gamma-Ray 
Emission between 100 MeV and 820 GeV. ApJ, 799(1):86, January 2015. 

R L Bunting and J J Kraushaar. Short-lived radioactivity induced in 
Ge(Li) gamma-ray detectors by neutrons. Nuclear Instruments and Meth- 
ods, 118(2):565-572, June 1974. 

Leon Rochester, Tracy Usher, Robert P. Johnson, and Bill Atwood. Upgrades 
to the Event Simulation and Reconstruction for the Fermi Large Area Tele- 
scope. arXiv e-prints, page arXiv: 1001.5005, January 2010. 


62 


[64] 


[65] 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


M. Ackermann, M. Ajello, A. Albert, A. Allafort, W. B. Atwood, M. Ax- 
elsson, L. Baldini, J. Ballet, G. Barbiellini, D. Bastieri, K. Bechtol, R. Bel- 
lazzini, E. Bissaldi, R. D. Blandford, E. D. Bloom, J. R. Bogart, E. Bona- 
mente, A. W. Borgland, E. Bottacini, A. Bouvier, T. J. Brandt, J. Bregeon, 
M. Brigida, P. Bruel, R. Buehler, T. H. Burnett, S. Buson, G. A. Caliandro, 
R. A. Cameron, P. A. Caraveo, J. M. Casandjian, E. Cavazzuti, C. Cecchi, 
O. Celik, E. Charles, R. C. G. Chaves, A. Chekhtman, C. C. Cheung, J. Chi- 
ang, S. Ciprini, R. Claus, J. Cohen-Tanugi, J. Conrad, R. Corbet, S$. Cutini, 
F. D’Ammando, D. S. Davis, A. de Angelis, M. DeKlotz, F. de Palma, C. D. 
Dermer, S. W. Digel, E. do Couto e. Silva, P. S. Drell, A. Drlica-Wagner, 
R. Dubois, C. Favuzzi, S. J. Fegan, E. C. Ferrara, W. B. Focke, P. Fortin, 
Y. Fukazawa, S. Funk, P. Fusco, F. Gargano, D. Gasparrini, N. Gehrels, 
B. Giebels, N. Giglietto, F. Giordano, M. Giroletti, T. Glanzman, G. God- 
frey, I. A. Grenier, J. E. Grove, S. Guiriec, D. Hadasch, M. Hayashida, 
E. Hays, D. Horan, X. Hou, R. E. Hughes, M. S. Jackson, T. Jogler, 
G. Johannesson, R. P. Johnson, T. J. Johnson, W. N. Johnson, T. Kamae, 
H. Katagiri, J. Kataoka, M. Kerr, J. Knédlseder, M. Kuss, J. Lande, S. Lars- 
son, L. Latronico, C. Lavalley, M. Lemoine-Goumard, F. Longo, F. Loparco, 
B. Lott, M. N. Lovellette, P. Lubrano, M. N. Mazziotta, W. McConville, 
J. E. McEnery, J. Mehault, P. KF Michelson, W. Mitthumsiri, T. Mizuno, 
A. A. Moiseev, C. Monte, M. E. Monzani, A. Morselli, I. V. Moskalenko, 
S. Murgia, M. Naumann-Godo, R. Nemmen, S. Nishino, J. P. Norris, E. Nuss, 
M. Ohno, T. Ohsugi, A. Okumura, N. Omodei, M. Orienti, E. Orlando, J. F. 
Ormes, D. Paneque, J. H. Panetta, J. S. Perkins, M. Pesce-Rollins, M. Pier- 
battista, F. Piron, G. Pivato, T. A. Porter, J. L. Racusin, S. Raino, R. Rando, 
M. Razzano, S. Razzaque, A. Reimer, O. Reimer, T. Reposeur, L. C. Reyes, 
S. Ritz, L. S. Rochester, C. Romoli, M. Roth, H. F. W. Sadrozinski, D. A. 
Sanchez, P. M. Saz Parkinson, C. Sbarra, J. D. Scargle, C. Sgro, J. Siegal- 
Gaskins, E. J. Siskind, G. Spandre, P. Spinelli, T. E. Stephens, D. J. Suson, 
H. Tajima, H. Takahashi, T. Tanaka, J. G. Thayer, J. B. Thayer, D. J. Thomp- 
son, L. Tibaldo, M. Tinivella, G. Tosti, E. Troja, T. L. Usher, J. Vanden- 
broucke, B. Van Klaveren, V. Vasileiou, G. Vianello, V. Vitale, A. P. Waite, 
E. Wallace, B. L. Winer, D. L. Wood, K. S. Wood, M. Wood, Z. Yang, and 
S. Zimmer. The Fermi Large Area Telescope on Orbit: Event Classification, 
Instrument Response Functions, and Calibration. ApJS, 203(1):4, November 
2012. 

A. A. Moiseev, R. C. Hartman, J. F. Ormes, D. J. Thompson, M. J. Amato, 
T. E. Johnson, K. N. Segal, and D. A. Sheppard. The anti-coincidence de- 
tector for the GLAST large area telescope. Astroparticle Physics, 27(5):339- 
358, June 2007. 

P. Bruel, T. H. Burnett, S. W. Digel, G. Johannesson, N. Omodei, and 
M. Wood. Fermi-LAT improved Pass~8 event selection. arXiv e-prints, page 
arXiv:1810.11394, October 2018. 

W. Atwood, A. Albert, L. Baldini, M. Tinivella, J. Bregeon, M. Pesce-Rollins, 
C. Sgro, P. Bruel, E. Charles, A. Drlica-Wagner, A. Franckowiak, T. Jogler, 


Telescope Concepts in Gamma-Ray Astronomy 63 


[68 


[69 


[70 


[71 


[72 


[73 


[75 


] 


“= 


= 


sy 


Ko 


] 


sy 


“4 


= 


L. Rochester, T. Usher, M. Wood, J. Cohen-Tanugi, and S. Zimmer. Pass 
8: Toward the Full Realization of the Fermi-LAT Scientific Potential. arXiv 
e-prints, page arXiv:1303.3514, March 2013. 

A. A. Moiseev, J. F. Ormes, R. C. Hartman, T. E. Johnson, J. W. Mitchell, and 
D. J. Thompson. Observation and simulations of the backsplash effects in 
high-energy y-ray telescopes containing a massive calorimeter. Astroparticle 
Physics, 22(3-4):275—283, November 2004. 

V Savchenko, A Bazzano, E Bozzo, S Brandt, J Chenevez, T J L Courvoisier, 
R Diehl, C Ferrigno, L Hanlon, A von Kienlin, E Kuulkers, P Laurent, F Le- 
brun, A Lutovinov, A Martin-Carrillo, S Mereghetti, L Natalucci, J P Roques, 
T Siegert, R Sunyaev, and P Ubertini. INTEGRAL IBIS, SPI, and JEM-X ob- 
servations of LVT151012. Astronomy & Astrophysics, 603:A46, July 2017. 
V Savchenko, C Ferrigno, E Kuulkers, A Bazzano, E Bozzo, S Brandt, 
J Chenevez, T J L Courvoisier, R Diehl, A Domingo, L Hanlon, E Jour- 
dain, A von Kienlin, P Laurent, F Lebrun, A Lutovinov, A Martin-Carrillo, 
S Mereghetti, L Natalucci, J Rodi, J P Roques, R Sunyaev, and P Ubertini. 
INTEGRAL Detection of the First Prompt Gamma-Ray Signal Coincident 
with the Gravitational-wave Event GW170817. The Astrophysical Journal 
Letters, 848(2):L15, October 2017. 

D Band, J Matteson, L Ford, B Schaefer, D Palmer, B Teegarden, T Cline, 
M Briggs, W Paciesas, G Pendleton, G Fishman, C Kouveliotou, C Meegan, 
R Wilson, and P Lestrade. BATSE observations of gamma-ray burst spectra. 
I - Spectral diversity. Astrophysical Journal, 413:281-292, August 1993. 
John A Tomsick, Andreas Zoglauer, Clio Sleator, Hadar Lazar, Jacqueline 
Beechert, Steven Boggs, Jarred Roberts, Thomas Siegert, Alex Lowell, Eric 
Wulf, Eric Grove, Bernard Phlips, Terri Brandt, Alan Smale, Carolyn Kier- 
ans, Eric Burns, Dieter Hartmann, Mark Leising, Marco Ajello, Chris Fryer, 
Mark Amman, Hsiang-Kuang Chang, Pierre Jean, and Peter von Ballmoos. 
The Compton Spectrometer and Imager. arXiv.org, page arXiv:1908.04334, 
August 2019. 

A. A. Moiseev, P. L. Deering, R. C. Hartman, T. E. Johnson, T. R. Nebel, 
J. F Ormes, and D. J. Thompson. High efficiency plastic scintillator detector 
with wavelength-shifting fiber readout for the GLAST Large Area Telescope. 
Nuclear Instruments and Methods in Physics Research A, 583(2-3):372-381, 
December 2007. 

F. Perotti, M. Fiorini, S. Incorvaia, E. Mattaini, and E. Sant’ Ambrogio. 
The AGILE anticoincidence detector. Nuclear Instruments and Methods in 
Physics Research A, 556(1):228—236, January 2006. 

B Philhour, S E Boggs, J H Primbsch, A S Slassi-Sennou, R P Lin, P T 
Feffer, S McBride, F S Goulding, N W Madden, and R H Pehl. Simulations 
of pulse shape discrimination (PSD) techniques for background reduction in 
germanium detectors. Nuclear Instruments and Methods in Physics Research 
Section A, 403(1):136-150, February 1998. 

Jean-Pierre Roques and Elisabeth Jourdain. On the High-energy Emissions 
of Compact Objects Observed with INTEGRAL SPI: Event Selection Impact 


64 


(77 


[78 


[79 


] 


“4 


— 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


on Source Spectra and Scientific Results for the Bright Sources Crab Nebula, 
GS 20234338 and MAXI J1820+070. ArXiv e-prints, 870(2):92, January 
2019. 

N. Fraija and M. Araya. The Gigaelectronvolt Counterpart of VER 
J2019+407 in the Northern Shell of the Supernova Remnant G78.2+2.1 (y 
Cygni). The Astrophysical Journal, 826(1):31, July 2016. 

M. Ajello, M. Arimoto, M. Axelsson, L. Baldini, G. Barbiellini, D. Bastieri, 
R. Bellazzini, P. N. Bhat, E. Bissaldi, R. D. Blandford, R. Bonino, J. Bonnell, 
E. Bottacini, J. Bregeon, P. Bruel, R. Buehler, R. A. Cameron, R. Caputo, 
P. A. Caraveo, E. Cavazzuti, S. Chen, C. C. Cheung, G. Chiaro, S. Ciprini, 
D. Costantin, M. Crnogorcevic, S. Cutini, M. Dainotti, F. D’ Ammando, P. de 
la Torre Luque, F. de Palma, A. Desai, R. Desiante, N. Di Lalla, L. Di 
Venere, F. Fana Dirirsa, S. J. Fegan, A. Franckowiak, Y. Fukazawa, S. Funk, 
P. Fusco, F. Gargano, D. Gasparrini, N. Giglietto, F. Giordano, M. Giro- 
letti, D. Green, I. A. Grenier, J. E. Grove, S. Guiriec, E. Hays, J. W. He- 
witt, D. Horan, G. J6hannesson, D. Kocevski, M. Kuss, L. Latronico, J. Li, 
F. Longo, F. Loparco, M. N. Lovellette, P. Lubrano, S. Maldera, A. Man- 
freda, G. Marti-Devesa, M. N. Mazziotta, I. Mereu, M. Meyer, P. F. Michel- 
son, N. Mirabal, W. Mitthumsiri, T. Mizuno, M. E. Monzani, E. Moretti, 
A. Morselli, I. V. Moskalenko, M. Negro, E. Nuss, M. Ohno, N. Omodei, 
M. Orienti, E. Orlando, M. Palatiello, V. S. Paliya, D. Paneque, M. Persic, 
M. Pesce-Rollins, V. Petrosian, F. Piron, S. Poolakkil, H. Poon, T. A. Porter, 
G. Principe, J. L. Racusin, S. Raino, R. Rando, M. Razzano, S. Razzaque, 
A. Reimer, O. Reimer, T. Reposeur, F. Ryde, D. Serini, C. Sgro, E. J. Siskind, 
E. Sonbas, G. Spandre, P. Spinelli, D. J. Suson, H. Tajima, M. Takahashi, 
D. Tak, J. B. Thayer, D. F. Torres, E. Troja, J. Valverde, P. Veres, G. Vianello, 
A. von Kienlin, K. Wood, M. Yassine, S. Zhu, and S. Zimmer. A Decade 
of Gamma-Ray Bursts Observed by Fermi-LAT: The Second GRB Catalog. 
The Astrophysical Journal, 878(1):52, June 2019. 

Janeth Valverde, Deirdre Horan, Denis Bernard, Stephen Fegan, Fermi-LAT 
Collaboration, A. U. Abeysekara, A. Archer, W. Benbow, R. Bird, A. Brill, 
R. Brose, M. Buchovecky, J. H. Buckley, J. L. Christiansen, W. Cui, A. Fal- 
cone, Q. Feng, J. P. Finley, L. Fortson, A. Furniss, A. Gent, G. H. Gillanders, 
C. Giuri, O. Gueta, D. Hanna, T. Hassan, O. Hervet, J. Holder, G. Hughes, 
T. B. Humensky, P. Kaaret, N. Kelley-Hoskins, M. Kertzman, D. Kieda, 
M. Krause, F. Krennrich, M. J. Lang, G. Maier, P. Moriarty, R. Mukherjee, 
D. Nieto, M. Nievas-Rosillo, S. O’Brien, R. A. Ong, A. N. Otte, N. Park, 
A. Petrashyk, K. Pfrang, A. Pichel, M. Pohl, R. R. Prado, E. Pueschel, 
J. Quinn, K. Ragan, P. T. Reynolds, D. Ribeiro, G. T. Richards, E. Roache, 
I. Sadeh, M. Santander, S.S. Scott, G. H. Sembroski, K. Shahinyan, R. Shang, 
I. Sushch, V. V. Vassiliev, A. Weinstein, R. M. Wells, P. Wilcox, A. Wil- 
helm, D. A. Williams, T. J. Williamson, VERITAS Collaboration, Giuliana 
Noto, P. G. Edwards, B. G. Piner, V. Fallah Ramazani, T. Hovatta, J. Jor- 
manainen, E. Lindfors, K. Nilsson, L. Takalo, Y. Y. Kovalev, M. L. Lister, 
A. B. Pushkarev, T. Savolainen, S. Kiehlmann, W. Max-Moerbeck, A. C. S. 


Telescope Concepts in Gamma-Ray Astronomy 65 


[80] 


[81 


sy 


[82] 


Readhead, A. Lahteenmaki, and M. Tornikoski. A Decade of Multiwave- 
length Observations of the TeV Blazar LES 1215+303: Extreme Shift of the 
Synchrotron Peak Frequency and Long-term Optical-Gamma-Ray Flux In- 
crease. The Astrophysical Journal, 891(2):170, March 2020. 

S J Sturner, C R Shrader, G Weidenspointner, B J Teegarden, D Attié, 
B Cordier, R Diehl, C Ferguson, P Jean, A von Kienlin, P Paul, F Sanchez, 
S Schanne, P Sizun, G Skinner, and C B Wunderer. Monte Carlo simulations 
and generation of the SPI response. Astronomy & Astrophysics, 411(1):L81- 
L84, November 2003. 

D Attié, B Cordier, M Gros, P Laurent, S Schanne, G Tauzin, P von Ball- 
moos, L Bouchet, P Jean, J Knoedlseder, P Mandrou, P Paul, J P Roques, 
G Skinner, G Vedrenne, R Georgii, A von Kienlin, G Lichti, V Schonfelder, 
A Strong, C Wunderer, C Shrader, S Sturner, B Teegarden, G Weidens- 
pointner, J Kiener, M G Porquet, V Tatischeff, S Crespin, S Joly, Y André, 
F Sanchez, and P Leleux. INTEGRAL/SPI ground calibration. Astronomy & 
Astrophysics, 411(1):L71-L79, November 2003. 

W N Johnson, R L Kinzer, J D Kurfess, M S Strickman, W R Purcell, D A 
Grabelsky, M P Ulmer, D A Hillis, G V Jung, and R A Cameron. The Ori- 
ented Scintillation Spectrometer Experiment - Instrument description. As- 
trophysical Journal Supplement Series (ISSN 0067-0049), 86:693—712, June 
1993. 

W R Purcell, D A Grabelsky, M P Ulmer, W N Johnson, R L Kinzer, J D 
Kurfess, M S Strickman, and G V Jung. OSSE observations of Galactic 511 
keV positron annihilation radiation - Initial phase 1 results. Astrophysical 
Journal, 413:L85-L88, August 1993. 

L Mertz and N O Young. Fresnel transformation of images (Fresnel coding 
and decoding of images). Optical Instruments and Techniques, pages 305-, 
1962. 

G K Skinner. Sensitivity of coded mask telescopes. arXiv.org, 47(15):2739- 
2749, May 2008. 

Thomas Siegert, Roland Diehl, Christoph Weinberger, Moritz M M 
Pleintinger, Jochen Greiner, and Xiaoling Zhang. Background modelling 
for y-ray spectroscopy with INTEGRAL/SPI. Astronomy & Astrophysics, 
626:A73, June 2019. 

P Ubertini, F Lebrun, G Di Cocco, A Bazzano, A J Bird, K Broenstad, 
A Goldwurm, G La Rosa, C Labanti, P Laurent, I F Mirabel, E M Quadrini, 
B Ramsey, V Reglero, L Sabau, B Sacco, R Staubert, L Vigroux, M C Weis- 
skopf, and A A Zdziarski. IBIS: The Imager on-board INTEGRAL. Astron- 
omy & Astrophysics, 411(1):L131-L139, November 2003. 

H A Krimm, S T Holland, R H D Corbet, A B Pearlman, P Romano, J A 
Kennea, J S Bloom, S D Barthelmy, W H Baumgartner, J R Cummings, 
N Gehrels, A Y Lien, C B Markwardt, D M Palmer, T Sakamoto, M Sta- 
matikos, and T N Ukwatta. The Swift/BAT Hard X-Ray Transient Monitor. 
arXiv.org, 209:14, November 2013. 


66 


[89] 


[90 


= 


[91 


sy 


[92 


faa 


[93 


“4 


[94 


sy 


[99] 


[100] 


[101] 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


G J Hurford, E J Schmahl, R A Schwartz, A J Conway, M J Aschwanden, 
A Csillaghy, B R Dennis, C Johns-Krull, S Krucker, R P Lin, J McTiernan, 
T R Metcalf, J Sato, and DM Smith. The RHESSI Imaging Concept. Solar 
Physics, 210(1):61-86, November 2002. 

David M Smith. Gamma-Ray Line Observations with RHESSI. arXiv.org, 
pages arXiv:astro—ph—0404594, April 2004. 

Takashi Sakurai. Observations from the Hinotori Mission. Philosophical 
Transactions: Physical Sciences and Engineering, 336(1):339-346, Septem- 
ber 1991. 

L Acton, S Tsuneta, Y Ogawara, R Bentley, M Bruner, R Canfield, L Culhane, 
G Doschek, E Hiei, T Hudson H Hirayama, T Kosugi, J Lang, J Lemen, 
J Nishimura, K Makishima, Y Uchida, and T Watanabe. The YOHKOH 
mission for high-energy solar physics. Science (ISSN 0036-8075), 258:618- 
625, October 1992. 

C J Crannell, B R Dennis, J P Norris, L E Orwig, E J Schmahl, F L Lang, 
R Starr, M E Greene, G J Hurford, W N Johnson, and K S Wood. HEIDI: 
A Balloon-Borne Payload for Imaging Hard X-Rays and Gamma Rays from 
Solar Flares. American Astronomical Society, 180:40.07—, May 1992. 

S Zhang, S N Zhang, F J Lu, T P Li, L M Song, Y P Xu, H Y Wang, J L Qu, 
CZ Liu, Y Chen, X L Cao, F Zhang, S L Xiong, M Y Ge, Y P Chen, J Y Liao, 
J Y Nie, HS Zhao, S M Jia, X B Li, J Guan, C K Li, J Zhang, J Jin, G F Wang, 
S J Zheng, X Ma, L Tao, and Y Huang. The insight-HXMT mission and its 
recent progresses. In Proceedings of the SPIE, page 106991U. Institute of 
High Energy Physics (China), July 2018. 

Andreas Zoglauer and Gottfried Kanbach. Doppler broadening as a lower 
limit to the angular resolution of next-generation Compton telescopes. X- 
Ray and Gamma-Ray Telescopes and Instruments for Astronomy. Edited by 
Joachim E. Truemper, 4851:1302—1309, March 2003. 

W B Atwood, A A Abdo, M Ackermann, W Althouse, B Anderson, M Axels- 
son, L Baldini, J Ballet, D L Band, G Barbiellini, and et al. The Large Area 
Telescope on the Fermi Gamma-Ray Space Telescope Mission. arXiv.org, 
697:1071-1102, June 2009. 

R Novick. Stellar and Solar X-Ray Polarimetry. Space Science Reviews, 
18(3):389-408, December 1975. 

F Lei, A J Dean, and G L Hills. Compton Polarimetry in Gamma-Ray As- 
tronomy. Space Science Reviews, 82(3):309-388, November 1997. 

Fritz Sauter. Uber das Verhalten eines Elektrons im homogenen elek- 
trischen Feld nach der relativistischen Theorie Diracs. Zeitschrift fiir Physik, 
69(1):742-764, November 1931. 

James H Scofield. Angular and polarization correlations in photoioniza- 
tion and radiative recombination. Physical Review A (General Physics), 
40(6):3054—3060, September 1989. 

Enrico Costa, Paolo Soffitta, Ronaldo Bellazzini, Alessandro Brez, Nicholas 
Lumb, and Gloria Spandre. An efficient photoelectric X-ray polarimeter for 


Telescope Concepts in Gamma-Ray Astronomy 67 


the study of black holes and neutron stars. Nature, 411(6838):662—665, June 
2001. 

[102] Lorenzo Sabbatucci and Francesc Salvat. Theory and calculation of the 
atomic photoeffect. Radiation Physics and Chemistry, 121:122-140, April 
2016. 

[103] O Klein and T Nishina. Uber die Streuung von Strahlung durch freie Elektro- 
nen nach der neuen relativistischen Quantendynamik von Dirac. Zeitschrift 
fiir Physik, 52:853-868, November 1929. 

[104] LC Maximon and Haakon Olsen. Measurement of Linear Photon Polariza- 
tion by Pair Production. Phys. Rev., 126(1):310, April 1962. 

[105] J W Motz, Haakon A Olsen, and H W Koch. Pair Production by Photons. 
Reviews of Modern Physics, 41(4):581-639, October 1969. 

[106] Gerardo O Depaola and Carlos N Kozameh. Detecting polarized gamma- 
rays by pair production. Radiation Physics and Chemistry, 53(5):455-459, 
November 1998. 

[107] S Bakmaev, E A Kuraev, I Shapoval, and Yu P Peresun’ko. Electron positron 

pair production by linearly polarized photon in the nuclear field. Physics 

Letters B, 660(5):494—-500, March 2008. 

Martin C Weisskopf, Brian Ramsey, Stephen L O’Dell, Allyn Tennant, 

Ronald Elsner, Paolo Soffita, Ronaldo Bellazzini, Enrico Costa, Jeffery 

Kolodziejczak, Victoria Kaspi, Fabio Mulieri, Herman Marshall, Giorgio 

Matt, Roger Romani, and IXPE Team. The Imaging X-ray Polarimetry Ex- 

plorer (IXPE). Results in Physics, 6:1179-1180, 2016. 

N Produit, F Barao, S Deluit, W Hajdas, C Leluc, M Pohl, D Rapin, J P 

Vialle, R Walter, and C Wigger. POLAR, a compact detector for gamma-ray 

bursts photon polarization measurements. Nuclear Instruments and Methods 

in Physics Research Section A, 550(3):616-625, September 2005. 

E Kalemci, S Boggs, C Wunderer, and P Jean. Measuring Polarization with 

SPI on INTEGRAL. In Proceedings of the 5th INTEGRAL Workshop on 

the INTEGRAL Universe (ESA SP-552). 16-20 February 2004, pages 859-, 

October 2004. 

M Chauvin, J P Roques, D J Clark, and E Jourdain. Polarimetry in the 

Hard X-Ray Domain with INTEGRAL SPI. The Astrophysical Journal, 

769(2):137, June 2013. 

Mark L McConnell and Werner Collmar. GRB Polarization Measurements 

with CGRO/COMPTEL. In AAS/High Energy Astrophysics Division No.15, 

page 112.04, April 2016. 

A W Lowell, S E Boggs, C L Chiu, C A Kierans, C Sleator, J A Tomsick, A C 

Zoglauer, H K Chang, C H Tseng, C Y Yang, P Jean, P von Ballmoos, C H 

Lin, and M Amman. Polarimetric Analysis of the Long Duration Gamma- 

Ray Burst GRB 160530A With the Balloon Borne Compton Spectrometer 

and Imager. The Astrophysical Journal, 848(2):119, October 2017. 

Matteo Giomi, Rolf Bihler, Carmelo Sgro, Francesco Longo, and W B At- 

wood. Estimate of the Fermi large area telescope sensitivity to gamma- 

ray polarization. In AJP Conference Proceedings, page 070022. Deutsches 


[108 


“4 


[109 


—“ 


[110 


= 


[111 


oy 


(ii 


“4 


[113 


“4 


[114 


sy 


68 


[115 


fom) 


[116 


= 


[117 


—_ 


[118 


“4 


[119 


— 


[120] 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


Elektronen-Synchrotron DESY, D-15738 Zeuthen, Germany, AIP Publishing 
LLC AIP Publishing, January 2017. 

P Lubinski. Analysis of extremely low signal-to-noise ratio data from INTE- 
GRAL/PICsIT. Astronomy & Astrophysics, 496(2):557—576, March 2009. 
Elena Orlando, Eugenio Bottacini, Alexander Moiseev, Arash Bodaghee, 
Werner Collmar, Torsten Ensslin, Igor V Moskalenko, Michela Negro, Ste- 
fano Profumo, Matthew G Baring, Aleksey Bolotnikov, Nicholas Cannady, 
Gabriella A Carini, Seth Digel, Isabelle A Grenier, Alice K Harding, Dieter 
Hartmann, Sven Herrmann, Matthew Kerr, Roman Krivonos, Philippe Lau- 
rent, Francesco Longo, Aldo Morselli, Makoto Sasaki, Peter Shawhan, Gerry 
Skinner, Lucas D Smith, Floyd W Stecker, Andrew Strong, Steven Sturner, 
David J Thompson, John A Tomsick, Zorawar Wadiasingh, Richard S Woolf, 
Eric Yates, and Andreas Zoglauer. Exploring the MeV Sky with a Com- 
bined Coded Mask and Compton Telescope: The Galactic Explorer with 
a Coded Aperture Mask Compton Telescope (GECCO). arXiv.org, page 
arXiv:2112.07190, December 2021. 

Hans Wolter. Spiegelsysteme streifenden Einfalls als abbildende Optiken fiir 
R6ntgenstrahlen. Annalen der Physik, 445(1):94-114, 1952. 

Hans Wolter. Verallgemeinerte Schwarzschildsche Spiegelsysteme 
streifender Reflexion als Optiken fiir ROntgenstrahlen. Annalen der Physik, 
445(4):286-295, 1952. 

X-ray Telescopes Based on Wolter-I Optics — The WSPC Handbook of As- 
tronomical Instrumentation. 

Fiona A Harrison, William W Craig, Finn E Christensen, Charles J Hailey, 
William W Zhang, Steven E Boggs, Daniel Stern, W Rick Cook, Karl Forster, 
Paolo Giommi, Brian W Grefenstette, Yunjin Kim, Takao Kitaguchi, Jason E 
Koglin, Kristin K Madsen, Peter H Mao, Hiromasa Miyasaka, Kaya Mori, 
Matteo Perri, Michael J Pivovaroff, Simonetta Puccetti, Vikram R Rana, 
Niels J Westergaard, Jason Willis, Andreas Zoglauer, Hongjun An, Matteo 
Bachetti, Nicolas M Barriére, Eric C Bellm, Varun Bhalerao, Nicolai F Brejn- 
holt, Felix Fuerst, Carl C Liebe, Craig B Markwardt, Melania Nynka, Julia K 
Vogel, Dominic J Walton, Daniel R Wik, David M Alexander, Lynn R Comin- 
sky, Ann E Hornschemeier, Allan Hornstrup, Victoria M Kaspi, Greg M 
Madejski, Giorgio Matt, Silvano Molendi, David M Smith, John A Tomsick, 
Marco Ajello, David R Ballantyne, Mislav Balokovié, Didier Barret, Franz E 
Bauer, Roger D Blandford, W Niel Brandt, Laura W Brenneman, James Chi- 
ang, Deepto Chakrabarty, Jerome Chenevez, Andrea Comastri, Francois Du- 
four, Martin Elvis, Andrew C Fabian, Duncan Farrah, Chris L Fryer, Eric V 
Gotthelf, Jonathan E Grindlay, David J Helfand, Roman Krivonos, David L 
Meier, Jon M Miller, Lorenzo Natalucci, Patrick Ogle, Eran O Ofek, Andrew 
Ptak, Stephen P Reynolds, Jane R Rigby, Gianpiero Tagliaferri, Stephen E 
Thorsett, Ezequiel Treister, and C Megan Urry. The Nuclear Spectroscopic 
Telescope Array (NuSTAR) High-energy X-Ray Mission. The Astrophysical 
Journal, 770(2):103, June 2013. 


Telescope Concepts in Gamma-Ray Astronomy 69 


[121] Jean-Pierre Roques, Elisabeth Jourdain, Loredana Bassani, Angela Bazzano, 


[122 


] 


Renaud Belmont, A J Bird, E Caroli, M Chauvin, D Clark, N Gehrels, U Go- 
erlach, F Harrisson, P Laurent, J Malzac, P Medina, A Merloni, S Paltani, 
J Stephen, P Ubertini, and J Wilms. PheniX: a new vision for the hard X-ray 
sky. Experimental Astronomy, 34(2):489-5 17, October 2012. 

B. X. Yang. Fresnel and refractive lenses for X-rays. Nuclear Instruments 


and Methods in Physics Research Section A: Accelerators, Spectrometers, 
Detectors and Associated Equipment, 328(3):578-587, May 1993. 


[123] Kenro Miyamoto. The Phase Fresnel Lens. Journal of the Optical Society of 


[124 


[125 


[126 


[127 


[128 


[129 


] 


fou) 


= 


a 


“4 


— 


America (1917-1983), 51(1):17, January 1961. 

G. K. Skinner. Diffractive/refractive lenses-A revolution in gamma-ray as- 
tronomy? In Steven Ritz, Neil Gehrels, and Chris R. Shrader, editors, 
Gamma 2001: Gamma-Ray Astrophysics, volume 587 of American Institute 
of Physics Conference Series, pages 855-859, October 2001. 

F Frontera, E. Virgilli, V. Carassiti, C. Guidorzi, P. Rosati, L. Amati, N. Au- 
ricchio, L. Bassani, R. Campana, E. Caroli, KF Fuschino, R. Gilli, C. La- 
banti, A. Malizia, M. Orlandini, J. B. Stephen, G. Stratta, S. Del Sordo, 
G. Ghirlanda, S. Brandt, C. Budtz-Joergensen, I. Kuvvetli, R. M. Curado 
da Silva, J. M. Maia, M. Moita, and P. Laurent. ASTENA, a new mission 
concept for an Advanced Surveyor of Transient Events and Nuclear Astro- 
physics. Memorie della Societa Astronomica Italiana, 90:247, January 2019. 
F Frontera, E Virgilli, C Guidorzi, P Rosati, R Diehl, T Siegert, C Fryer, 
L Amati, N Auricchio, R Campana, E Caroli, F Fuschino, C Labanti, M Or- 
landini, E Pian, J B Stephen, S Del Sordo, C Budtz-Jgrgensen, I Kuvvetli, 
S Brandt, R M Curado da Silva, P Laurent, E Bozzo, P Mazzali, and M Della 
Valle. Understanding the origin of the positron annihilation line and the 
physics of supernova explosions. Experimental Astronomy, 51(3):1175- 
1202, June 2021. 

K Hurley, V D Pal’shin, R L Aptekar, S V Golenetskii, D D Frederiks, E P 
Mazets, D S Svinkin, M S Briggs, V Connaughton, C Meegan, J Goldsten, 
W Boynton, C Fellows, K Harshman, I G Mitrofanov, D V Golovin, A S 
Kozyrev, M L Litvak, A B Sanin, A Rau, A von Kienlin, X Zhang, K Ya- 
maoka, Y Fukazawa, Y Hanabata, M Ohno, T Takahashi, M Tashiro, Y Ter- 
ada, T Murakami, K Makishima, S Barthelmy, T Cline, N Gehrels, J Cum- 
mings, H A Krimm, D M Smith, E Del Monte, M Feroci, and M Marisaldi. 
The Interplanetary Network Supplement to the Fermi GBM Catalog of Cos- 
mic Gamma-Ray Bursts. The Astrophysical Journal Supplement, 207(2):39, 
August 2013. 

J Michael Burgess, Ewan Cameron, Dmitry Svinkin, and Jochen Greiner. 
nazgul: A statistical approach to gamma-ray burst localization. Triangulation 
via non stationary time series models. Astronomy & Astrophysics, 654:A26, 
October 2021. 

E Jourdain and J P Roques. The High-Energy Emission of the Crab Nebula 
from 20 keV TO 6 MeV with Integral SPI. arXiv.org, 704:17—24, October 
2009. 


70 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


[130] A Ore and J L Powell. Three-Photon Annihilation of an Electron-Positron 


[131 


[132 


[133 


[134 


[135 


sy 


fant 


“4 


sy 


“4 


Pair. Physical Review, 75:1696—1699, June 1949. 

S Agostinelli, J Allison, K Amako, J Apostolakis, H Araujo, P Arce, M Asai, 
D Axen, S Banerjee, G Barrand, F Behner, L Bellagamba, J Boudreau, 
L Broglia, A Brunengo, H Burkhardt, S Chauvie, J Chuma, R Chytracek, 
G Cooperman, G Cosmo, P Degtyarenko, A Dell’ Acqua, G Depaola, D Di- 
etrich, R Enami, A Feliciello, C Ferguson, H Fesefeldt, G Folger, F Foppi- 
ano, A Forti, S Garelli, S Giani, R Giannitrapani, D Gibin, J J Gémez Ca- 
denas, I Gonzalez, G Gracia Abril, G Greeniaus, W Greiner, V Grichine, 
A Grossheim, S Guatelli, P Gumplinger, R Hamatsu, K Hashimoto, H Hasui, 
A Heikkinen, A Howard, V Ivanchenko, A Johnson, F W Jones, J Kallen- 
bach, N Kanaya, M Kawabata, Y Kawabata, M Kawaguti, S Kelner, P Kent, 
A Kimura, T Kodama, R Kokoulin, M Kossov, H Kurashige, E Lamanna, 
T Lampén, V Lara, V Lefebure, F Lei, M Liendl, W Lockman, F Longo, 
S Magni, M Maire, E Medernach, K Minamimoto, P Mora de Freitas, 
Y Morita, K Murakami, M Nagamatu, R Nartallo, P Nieminen, T Nishimura, 
K Ohtsubo, M Okamura, S O’ Neale, Y Oohata, K Paech, J Perl, A Pfeiffer, 
M G Pia, F Ranjard, A Rybin, S Sadilov, E Di Salvo, G Santin, T Sasaki, 
N Savvas, Y Sawada, S Scherer, S Sei, V Sirotenko, D Smith, N Starkov, 
H Stoecker, J Sulkimo, M Takahata, S Tanaka, E Tcherniaev, E Safai Tehrani, 
M Tropeano, P Truscott, H Uno, L Urban, P Urban, M Verderi, A Walkden, 
W Wander, H Weber, J P Wellisch, T Wenaus, D C Williams, D Wright, 
T Yamada, H Yoshida, D Zschiesche, and G EANT4 Collaboration. G 
EANT4—a simulation toolkit. Nuclear Inst. and Methods in Physics Re- 
search, 506(3):250-303, July 2003. 

A Zoglauer, R Andritschke, and F Schopper. MEGAIib The Medium Energy 
Gamma-ray Astronomy Library. New Astronomy Reviews, 50(7):629-632, 
October 2006. 

G Weidenspointner, J Kiener, M Gros, P Jean, B J Teegarden, C Wunderer, 
R C Reedy, D Attié, R Diehl, C Ferguson, M J Harris, J Knoedlseder, 
P Leleux, V Lonjou, J P Roques, V Schoénfelder, C Shrader, S Sturner, 
V Tatischeff, and G Vedrenne. First identification and modelling of SPI 
background lines. Astronomy & Astrophysics, 411(1):L113-L116, November 
2003. 

Colleen A Wilson-Hodge, Michael L Cherry, Gary L Case, Wayne H 
Baumgartner, Elif Beklen, P Narayana Bhat, Michael S Briggs, Ascension 
Camero-Arranz, Vandiver Chaplin, Valerie Connaughton, Mark H Finger, 
Neil Gehrels, Jochen Greiner, Keith Jahoda, Peter Jenke, R Marc Kippen, 
Chryssa Kouveliotou, Hans A Krimm, Erik Kuulkers, Niels Lund, Charles A 
Meegan, Lorenzo Natalucci, William S Paciesas, Robert Preece, James C 
Rodi, Nikolai Shaposhnikov, Gerald K Skinner, Doug Swartz, Andreas von 
Kienlin, Roland Diehl, and Xiao-Ling Zhang. When a Standard Candle Flick- 
ers. The Astrophysical Journal Letters, 727(2):L40, February 2011. 
NUDAT. National Nuclear Data Center, information extracted from the 
NuDat database, https://www.nndc.bnl. gov/nudat/. 


Telescope Concepts in Gamma-Ray Astronomy 71 


[136] J Kiener, M Gros, V Tatischeff, D Attié, I Bailly, A Bauchet, C Chapuis, 
B Cordier, I Deloncle, M G Porquet, S Schanne, N de Séréville, and G Tauzin. 
New determinations of gamma-ray line intensities of the Ep=550 and 1747 
keV resonances of the 13C(p,y) 14N reaction. Nuclear Inst. and Methods in 
Physics Research, 519(3):623-635, March 2004. 

A Antilla, J Keinonen, M Hautala, and I Forsblom. Use of the 27Al(p, ¥) 
28Si, Ep = 992 keV resonance as a gamma-ray intensity standard. Nuclear 
Instruments and Methods, 147(3):501-—505, December 1977. 

[138] P Mandrou, G Vedrenne, P Jean, B Kandel, P von Ballmoos, F Albernhe, 
G Lichti, V Schénfelder, R Diehl, R Georgii, T Kirchner, P Durouchoux, 
B Cordier, N Diallo, F Sanchez, B Payne, P Leleux, P Caraveo, B Teegarden, 
J Matteson, S Slassi-Sennou, R P Lin, G Skinner, and P Connell. The IN- 
TEGRAL Spectrometer SPI. In C Winkler, T J L Courvoisier, and P Durou- 
choux, editors, The Transparent Universe, page 591, 1997. 

Stéphane Schanne. Pre-launch calibration campaign of the gamma-ray 
spectrometer aboard the INTEGRAL satellite. New Astronomy Reviews, 
46(8):605-609, July 2002. 

F Sanchez, R Chato, J L Gasent, J Rodrigo, and T Velasco. A coded mask for 
y-ray astronomy. Design and calibration. Nuclear Instruments and Methods 
in Physics Research Section A, 500(1):253-262, March 2003. 

D. J. Thompson, D. L. Bertsch, A. Favale, C. E. Fichtel, R. C. Hartman, 
R. Hofstadter, E. B. Hughes, S$. D. Hunter, B. W. Hughlock, G. Kanbach, 
D. A. Kniffen, Y. C. Lin, J. R. Mattox, H. Mayer-Hasselwander, P. L. Nolan, 
K. Pinkau, H. Rothermel, E. Schneid, M. Sommer, and A. H. Walker. Calibra- 
tion of the Egret high-energy gamma-ray telescope in the range 20 - 10000 
MeV with a tunable beam of quasi-monoenergetic gamma rays at SLAC. 
IEEE Transactions on Nuclear Science, 34:36—40, February 1987. 

G. Kanbach, D. L. Bertsch, C. E. Fichtel, R. C. Hartman, S. D. Hunter, 
D. A. Kniffen, B. W. Hughlock, A. Favale, R. Hofstadter, and E. B. Hughes. 
The project EGRET (energetic gamma-ray experiment telescope) on NASA’s 
Gamma-Ray Observatory GRO. Space Sci. Rev., 49(1-2):69-84, January 
1989. 

S Orsi, D Haas, W Hajdas, V Honkimaki, G Lamanna, C Lechanoine-Leluc, 
R Marcinkowski, M Pohl, N Produit, D Rapin, E Suarez-Garcia, D Rybka, 
and J P Vialle. Response of the Compton polarimeter POLAR to polar- 
ized hard X-rays. Nuclear Instruments and Methods in Physics Research 
A, 648(1):139-154, August 2011. 

Vladimir N Litvinenko and John M J Madey. High-power inverse Compton 
y-ray source at the Duke storage ring. In Proceedings of the SPIE, pages 
55-77. Duke Univ., USA, SPIE, September 1995. 

Andreas Christian Zoglauer. First light for the next generation of Compton 
and pair telescopes : Development of new techniques for the data analysis of 
combined Compton and pair telescopes and their application to the MEGA 
prototype. PhD Thesis, 2006. 


[137 


i 


[139 


—“ 


[140 


= 


[141 


sy 


[142 


“4 


[143 


“4 


[144 


sy 


[145 


fo) 


72 


[146] 


[147 


—_ 


[148] 


[149] 


[150] 


[151] 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


C Kierans, S Boggs, J L Chiu, A Lowell, C Sleator, J A Tomsick, A Zoglauer, 
M Amman, H K Chang, C H Tseng, C Y Yang, C H Lin, P Jean, and P von 
Ballmoos. The 2016 Super Pressure Balloon flight of the Compton Spec- 
trometer and Imager. In Proceedings of the 11th INTEGRAL Conference 
Gamma-Ray Astrophysics in Multi-Wavelength Perspective. 10-14 October 
2016 Amsterdam, page 75, 2016. 

Atsushi Takada, Taito Takemura, Kei Yoshikawa, Yoshitaka Mizumura, 
Tomonori Ikeda, Yuta Nakamura, Ken Onozaka, Mitsuru Abe, Kenji Ham- 
aguchi, Hidetoshi Kubo, Shunsuke Kurosawa, Kentaro Miuchi, Kaname 
Saito, Tatsuya Sawano, and Toru Tanimori. First Observation of the 
MeV Gamma-Ray Universe with Bijective Imaging Spectroscopy Using the 
Electron-tracking Compton Telescope on Board SMILE-2+. ApJ, 930(1):6, 
May 2022. 

Carolyn A. Kierans. AMEGO: exploring the extreme multimessenger uni- 
verse. In Society of Photo-Optical Instrumentation Engineers (SPIE) Con- 
ference Series, volume 11444 of Society of Photo-Optical Instrumentation 
Engineers (SPIE) Conference Series, page 1144431, December 2020. 
Alessandro De Angelis, Vincent Tatischeff, Andrea Argan, Soren Brandt, An- 
drea Bulgarelli, Andrei Bykov, Elisa Costantini, Rui Curado da Silva, Is- 
abelle A. Grenier, Lorraine Hanlon, Dieter Hartmann, Margarida Hernanz, 
Gottfried Kanbach, Irfan Kuvvetli, Philippe Laurent, Mario N. Mazziotta, 
Julie McEnery, Aldo Morselli, Kazuhiro Nakazawa, Uwe Oberlack, Mark 
Pearce, Javier Rico, Marco Tavani, Peter von Ballmoos, Roland Walter, Xin 
Wu, Silvia Zane, Andrzej Zdziarski, and Andreas Zoglauer. Gamma-ray As- 
trophysics in the MeV Range: the ASTROGAM Concept and Beyond. arXiv 
e-prints, page arXiv:2102.02460, February 2021. 

Maeve Doyle, Rachel Dunwoody, Gabriel Finneran, David Murphy, Jack 
Reilly, Joseph Thompson, Sarah Walsh, Jessica Erkal, Gianluca Fontanesi, 
Joseph Mangan, Fergal Marshall, Lana Salmon, Lily Ha, Aldous Mills, David 
Palma, Daithi de Faoite, Derek Greene, Antonio Martin-Carrillo, Sheila 
McBreen, David McKeown, William O’Connor, Kenneth Stanton, Alexei 
Ulyanov, Ronan Wall, and Lorraine Hanlon. Mission testing for improved 
reliability of CubeSats. In Society of Photo-Optical Instrumentation Engi- 
neers (SPIE) Conference Series, volume 11852 of Society of Photo-Optical 
Instrumentation Engineers (SPIE) Conference Series, page 118526M, June 
2021. 

A. Laviron, I. Cojocari, N. de Séréville, G. Fernandez, C. Hamadache, 
L. Hanlon, P. Laurent, J. Lommler, S. McBreen, A. Morselli, D. Murphy, 
H. Neves, U. Oberlack, R. Silva, V. Tatischeff, A. Ulyanov, V. Vitale, and 
P. von Ballmoos. COMCUBE: A constellation of CubeSats to measure the 
GRB prompt emission polarization. In A. Siebert, K. Baillié, E. Lagadec, 
N. Lagarde, J. Malzac, J. B. Marquette, M. N’Diaye, J. Richard, and O. Venot, 
editors, SF2A-2021: Proceedings of the Annual meeting of the French Society 
of Astronomy and Astrophysics. Eds.: A. Siebert, pages 105-108, December 
2021. 


Telescope Concepts in Gamma-Ray Astronomy 73 


[152] Jeremy S Perkins, Isabella Brewer, Michael S Briggs, Alessandro Bruno, 


[153 


[154 


] 


ay 


Eric Burns, Regina Caputo, Brad Cenko, Antonino Cucchiara, Georgia 
De Nolfo, Jeff Dumonthier, Sean Griffin, Lorraine Hanlon, Dieter H Hart- 
mann, Boyan Hristov, Michelle Hui, Alyson Joens, Carolyn Kierans, Marc 
Kippen, Dan Kocevski, John Krizmanic, Sibasish Laha, Amy Lien, Israel 
Martinez-Castellanos, Sheila McBreen, Julie E McEnery, J G Mitchell, Lee 
Mitchell, David Morris, David Murphy, Judith L Racusin, Oliver Roberts, Pe- 
ter Shawhan, Jacob Smith, George Suarez, Teresa Tatoli, Alexey Uliyanov, 
Carlos Vazquez, Sarah Walsh, and Colleen Wilson-Hodge. BurstCube: a 
CubeSat for gravitational wave counterparts. In Proceedings of the SPIE, 
pages 114441X-285. NASA Goddard Space Flight Ctr. (United States), 
SPIE, December 2020. 

D. Bernard. HARPO, a gas TPC active target for high-performance y-ray as- 
tronomy; demonstration of the polarimetry of MeV y-rays converting to et e~ 
pair. Nuclear Instruments and Methods in Physics Research A, 936:405—407, 
August 2019. 

Cherenkov Telescope Array Consortium, B. S. Acharya, I. Agudo, I. Al 
Samarai, R. Alfaro, J. Alfaro, C. Alispach, R. Alves Batista, J. P. Amans, 
E. Amato, G. Ambrosi, E. Antolini, L. A. Antonelli, C. Aramo, M. Araya, 
T. Armstrong, F. Arqueros, L. Arrabito, K. Asano, M. Ashley, M. Backes, 
C. Balazs, M. Balbo, O. Ballester, J. Ballet, A. Bamba, M. Barkov, U. Barres 
de Almeida, J. A. Barrio, D. Bastieri, Y. Becherini, A. Belfiore, W. Ben- 
bow, D. Berge, E. Bernardini, M. G. Bernardini, M. Bernardos, K. Bernlohr, 
B. Bertucci, B. Biasuzzi, C. Bigongiari, A. Biland, E. Bissaldi, J. Biteau, 
O. Blanch, J. Blazek, C. Boisson, J. Bolmont, G. Bonanno, A. Bonardi, 
C. Bonavolonta, G. Bonnoli, Z. Bosnjak, M. Béttcher, C. Braiding, J. Bre- 
geon, A. Brill, A. M. Brown, P. Brun, G. Brunetti, T. Buanes, J. Buck- 
ley, V. Bugaev, R. Biihler, A. Bulgarelli, T. Bulik, M. Burton, A. Burtovoi, 
G. Busetto, R. Canestrari, M. Capalbi, F. Capitanio, A. Caproni, P. Caraveo, 
V. Cardenas, C. Carlile, R. Carosi, E. Carquin, J. Carr, S. Casanova, E. Cas- 
cone, F. Catalani, O. Catalano, D. Cauz, M. Cerruti, P. Chadwick, S. Chaty, 
R. C. G. Chaves, A. Chen, X. Chen, M. Chernyakova, M. Chikawa, A. Chris- 
tov, J. Chudoba, M. Cieslar, V. Coco, S. Colafrancesco, P. Colin, V. Conforti, 
V. Connaughton, J. Conrad, J. L. Contreras, J. Cortina, A. Costa, H. Costan- 
tini, G. Cotter, S. Covino, R. Crocker, J. Cuadra, O. Cuevas, P. Cumani, 
A. D’ Ai, F. D’Ammando, P. D’Avanzo, D. D’Urso, M. Daniel, I. Davids, 
B. Dawson, F. Dazzi, A. De Angelis, R. de Cassia dos Anjos, G. De Cesare, 
A. De Franco, E. M. de Gouveia Dal Pino, I. de la Calle, R. de los Reyes 
Lopez, B. De Lotto, A. De Luca, M. De Lucia, M. de Naurois, E. de Ona Wil- 
helmi, F. De Palma, F. De Persio, V. de Souza, C. Deil, M. Del Santo, C. Del- 
gado, D. della Volpe, T. Di Girolamo, F. Di Pierro, L. Di Venere, C. Diaz, 
C. Dib, S. Diebold, A. Djannati-Atat, A. Dominguez, D. Dominis Prester, 
D. Dorner, M. Doro, H. Drass, D. Dravins, G. Dubus, V. V. Dwarkadas, J. Ebr, 
C. Eckner, K. Egberts, S. Einecke, T. R. N. Ekoume, D. Elsasser, J. P. Er- 
nenwein, C. Espinoza, C. Evoli, M. Fairbairn, D. Falceta-Goncalves, A. Fal- 


74 


Thomas Siegert, Deirdre Horan, Gottfried Kanbach 


cone, C. Farnier, G. Fasola, E. Fedorova, S. Fegan, M. Fernandez-Alonso, 
A. Fernandez-Barral, G. Ferrand, M. Fesquet, M. Filipovic, V. Fioretti, 
G. Fontaine, M. Fornasa, L. Fortson, L. Freixas Coromina, C. Fruck, Y. Fu- 
jita, Y. Fukazawa, S. Funk, M. Fii®ling, S. Gabici, A. Gadola, Y. Gallant, 
B. Garcia, R. Garcia L6pez, M. Garczarczyk, J. Gaskins, T. Gasparetto, 
M. Gaug, L. Gerard, G. Giavitto, N. Giglietto, P. Giommi, F. Giordano, 
E. Giro, M. Giroletti, A. Giuliani, J. KF Glicenstein, R. Gnatyk, N. Godinovic, 
P. Goldoni, G. Gémez-Vargas, M. M. Gonzalez, J. M. Gonzalez, D. Gotz, 
J. Graham, P. Grandi, J. Granot, A. J. Green, T. Greenshaw, S. Griffiths, 
S. Gunji, D. Hadasch, S. Hara, M. J. Hardcastle, T. Hassan, K. Hayashi, 
M. Hayashida, M. Heller, J. C. Helo, G. Hermann, J. Hinton, B. Hnatyk, 
W. Hofmann, J. Holder, D. Horan, J. H6randel, D. Horns, P. Horvath, T. Ho- 
vatta, M. Hrabovsky, D. Hrupec, T. B. Humensky, M. Hiitten, M. Iarlori, 
T. Inada, Y. Inome, S. Inoue, T. Inoue, Y. Inoue, F. Iocco, K. Ioka, M. Iori, 
K. Ishio, Y. Iwamura, M. Jamrozy, P. Janecek, D. Jankowsky, P. Jean, I. Jung- 
Richardt, J. Jurysek, P. Kaaret, S. Karkar, H. Katagiri, U. Katz, N. Kawanaka, 
D. Kazanas, B. Khélifi, D. B. Kieda, S. Kimeswenger, S. Kimura, S. Kisaka, 
J. Knapp, J. KnGdlseder, B. Koch, K. Kohri, N. Komin, K. Kosack, M. Kraus, 
M. Krause, F. KrauB, H. Kubo, G. Kukec Mezek, H. Kuroda, J. Kushida, 
N. La Palombara, G. Lamanna, R. G. Lang, J. Lapington, O. Le Blanc, 
S. Leach, J. P. Lees, J. Lefaucheur, M. A. Leigui de Oliveira, J. P. Lenain, 
R. Lico, M. Limon, E. Lindfors, T. Lohse, $. Lombardi, F. Longo, M. Lépez, 
R. Lopez-Coto, C. C. Lu, F. Lucarelli, P. L. Luque-Escamilla, E. Lyard, M. C. 
Maccarone, G. Maier, P. Majumdar, G. Malaguti, D. Mandat, G. Maneva, 
M. Manganaro, S. Mangano, A. Marcowith, J. Marin, S. Markoff, J. Marti, 
P. Martin, M. Martinez, G. Martinez, N. Masetti, S. Masuda, G. Maurin, 
N. Maxted, D. Mazin, C. Medina, A. Melandri, S. Mereghetti, M. Meyer, 
I. A. Minaya, N. Mirabal, R. Mirzoyan, A. Mitchell, T. Mizuno, R. Moderski, 
M. Mohammed, L. Mohrmann, T. Montaruli, A. Moralejo, D. Morcuende- 
Parrilla, K. Mori, G. Morlino, P. Morris, A. Morselli, E. Moulin, R. Mukher- 
jee, C. Mundell, T. Murach, H. Muraishi, K. Murase, A. Nagai, S. Nagataki, 
T. Nagayoshi, T. Naito, T. Nakamori, Y. Nakamura, J. Niemiec, D. Nieto, 
M. Nikotajuk, K. Nishijima, K. Noda, D. Nosek, B. Novosyadlyj, S. Nozaki, 
P. O’Brien, L. Oakes, Y. Ohira, M. Ohishi, S. Ohm, N. Okazaki, A. Okumura, 
R. A. Ong, M. Orienti, R. Orito, J. P. Osborne, M. Ostrowski, N. Otte, I. Oya, 
M. Padovani, A. Paizis, M. Palatiello, M. Palatka, R. Paoletti, J. M. Pare- 
des, G. Pareschi, R. D. Parsons, A. Pe’er, M. Pech, G. Pedaletti, M. Perri, 
M. Persic, A. Petrashyk, P. Petrucci, O. Petruk, B. Peyaud, M. Pfeifer, 
G. Piano, A. Pisarski, S. Pita, M. Pohl, M. Polo, D. Pozo, E. Prandini, 
J. Prast, G. Principe, D. Prokhorov, H. Prokoph, M. Prouza, G. Piihlhofer, 
M. Punch, S. Ptirckhauer, F. Queiroz, A. Quirrenbach, S. Raino, S. Raz- 
zaque, O. Reimer, A. Reimer, A. Reisenegger, M. Renaud, A. H. Rezaeian, 
W. Rhode, D. Ribeiro, M. Rib6o, T. Richtler, J. Rico, F. Rieger, M. Riquelme, 
S. Rivoire, V. Rizi, J. Rodriguez, G. Rodriguez Fernandez, J. J. Rodriguez 
Vazquez, G. Rojas, P. Romano, G. Romeo, J. Rosado, A. C. Rovero, G. Row- 


Telescope Concepts in Gamma-Ray Astronomy 75 


ell, B. Rudak, A. Rugliancich, C. Rulten, I. Sadeh, S. Safi-Harb, T. Saito, 
N. Sakaki, S. Sakurai, G. Salina, M. SAanchez-Conde, H. Sandaker, A. San- 
doval, P. Sangiorgi, M. Sanguillon, H. Sano, M. Santander, S. Sarkar, 
K. Satalecka, F. G. Saturni, E. J. Schioppa, S. Schlenstedt, M. Schneider, 
H. Schoorlemmer, P. Schovanek, A. Schulz, F. Schussler, U. Schwanke, 
E. Sciacca, S. Scuderi, I. Seitenzahl, D. Semikoz, O. Sergijenko, M. Servillat, 
A. Shalchi, R. C. Shellard, L. Sidoli, H. Siejkowski, A. Sillanpaa, G. Sironi, 
J. Sitarek, V. Sliusar, A. Slowikowska, H. Sol, A. Stamerra, S. Stanié, R. Star- 
ling, L. Stawarz, S. Stefanik, M. Stephan, T. Stolarczyk, G. Stratta, U. Strau- 
mann, T. Suomijarvi, A. D. Supanitsky, G. Tagliaferri, H. Tajima, M. Ta- 
vani, F. Tavecchio, J. P. Tavernet, K. Tayabaly, L. A. Tejedor, P. Temnikov, 
Y. Terada, R. Terrier, T. Terzic, M. Teshima, V. Testa, S. Thoudam, W. Tian, 
L. Tibaldo, M. Tluczykont, C. J. Todero Peixoto, F. Tokanai, J. Tomastik, 
D. Tonev, M. Tornikoski, D. F. Torres, E. Torresi, G. Tosti, N. Tothill, G. Tov- 
massian, P. Travnicek, C. Trichard, M. Trifoglio, I. Troyano Pujadas, S. Tsuji- 
moto, G. Umana, V. Vagelli, F. Vagnetti, M. Valentino, P. Vallania, L. Valore, 
C. van Eldik, J. Vandenbroucke, G. S. Varner, G. Vasileiadis, V. Vassiliev, 
M. Vazquez Acosta, M. Vecchi, A. Vega, S. Vercellone, P. Veres, S. Ver- 
gani, V. Verzi, G. P. Vettolani, A. Viana, C. Vigorito, J. Villanueva, H. Voelk, 
A. Vollhardt, S. Vorobiov, M. Vrastil, T. Vuillaume, S. J. Wagner, R. Wagner, 
R. Walter, J. E. Ward, D. Warren, J. J. Watson, F. Werner, M. White, R. White, 
A. Wierzcholska, P. Wilcox, M. Will, D. A. Williams, R. Wischnewski, 
M. Wood, T. Yamamoto, R. Yamazaki, S. Yanagita, L. Yang, T. Yoshida, 
S. Yoshiike, T. Yoshikoshi, M. Zacharias, G. Zaharijas, L. Zampieri, F. Zan- 
danel, R. Zanin, M. Zavrtanik, D. Zavrtanik, A. A. Zdziarski, A. Zech, 
H. Zechlin, V. I. Zhdanov, A. Ziegler, and J. Zorn. Science with the Cherenkov 
Telescope Array. 2019. 


